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ABSTRACT 
REDUCTION OF AQUEOUS CHLORINE WITH 
GRANULAR ACTIVATED CARBON 
A  sur face r e a c t i o n  r a t e  expression was developed t o  descr ibe 
the  heterogeneous r e a c t i o n  between aqueous f r e e  c h l o r i n e  and granu lar  
a c t i v a t e d  carbon. This  expression was then incorpora ted  i n t o  a pore 
d i f f u s i o n  model and the  re levan t  p a r t i a l  d i f f e r e n t i a l  equat ions w i t h  
t h e  corresponding boundary cond i t i ons  were solved f o r  t he  case o f  (1) 
a  constant  concent ra t ion  batch reac to r  and (2)  a  c losed batch reac to r .  
The s o l u t i o n s  were then compared t o  s i m i l a r  batch data i n  o rder  t o  
eva lua te  the  pore model constants. A  packed bed reac to r  model was 
then solved us ing  the  r a t e  i n fo rma t ion  from the  batch rr~athematical 
models and experimental data. The p red i c ted  r e s u l t s  from the  packed 
bed model were then compared t o  experimental r e s u l t s  which were c o l -  
l e c t e d  us ing  app l i cab le  cond i t ions .  
The e f f e c t  o f  p a r t i c l e  s i z e  on the  r a t e  o f  removal o f  f r e e  
c h l o r i n e  was i nves t i ga ted  both i n  batch and packed bed column form. 
The e f f e c t  o f  pH on t h e  r a t e  o f  r e a c t i o n  was s tud ied  i n  the  pH range 
o f  4-10. It was found t h a t  t he  pH on ly  a f f e c t s  the  r a t e  i n s o f a r  as i t  
a f f e c t s  t h e  d i s t r i b u t i o n  o f  f r e e  c h l o r i n e  between O C l s  and HOC1. 
Temperature e f fec ts  were a l s o  s tud ied  i n  t h e  range 2"-35°C. 
The e f f e c t  o f  temperature on the  sur face d i s s o c i a t i o n  r a t e  constant  
was found t o  correspond t o  the  Arrhenius law. 
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I. INTRODUCTION 
Free c h l o r i n e  has been used i n  water  t rea tment  f o r  many years.  
I t s  p r ima ry  use i s  f o r  d i s i n f e c t i o n ,  a l t hough  i t  has a  number o f  o t h e r  
a p p l i c a t i o n s ,  such as ammonia removal and t a s t e  and odor c o n t r o l .  Free 
c h l o r i n e  r e s i d u a l  i s  sometimes i n  excess o f  des i r ed  l e v e l s ,  and conse- 
q u e n t l y  i t  has t o  be removed o r  reduced i n  concen t ra t i on .  Th is  may be t h e  
case, f o r  example, a f t e r  b reakpo in t  c h l o r i n a t i o n ,  e s p e c i a l l y  o f  wastewater. 
A  number o f  i n d u s t r i e s  a l s o  r e q u i r e  c h l o r i n e  f r e e  water  because o f  t h e  
i n t e r f e r e n c e  o f  c h l o r i n e  w i t h  some i n d u s t r i a l  processes. These and many 
o t h e r  reasons i l l u s t r a t e  t h e  importance o f  hav ing a  w e l l  understood p ro -  
cess f o r  t h e  rerr~oval o f  f r e e  c h l o r i n e  f rom water .  
A. L i t e r a t u r e  Review 
A number o f  processes have been developed f o r  e l i m i n a t i n g  o r  
reduc ing  f r e e  c h l o r i n e  r e s i d u a l s  f rom water,  t h e  use o f  s u l f u r  compounds 
be ing  t h e  most common. A c t i v a t e d  carbon, hydrogen perox ide,  ammonia and 
f e r r o u s  s u l f a t e  have a l s o  been used. Snoeyink and Suidan (1975) conducted 
an i n t e n s i v e  1  i t e r a t u r e  rev iew  o f  t h e  s u b j e c t  o f  d e c h l o r i n a t i o n  and some 
o f  t h e  m a t e r i a l  i n  t h i s  s e c t i o n  was taken f rom t h a t  rev iew.  
1. D e c h l o r i n a t i o n  w i t h  S u l f u r  Compounds 
The most cornlnon procedure f o r  reduc ing  f r e e  c h l o r i n e  r e s i d u a l  
i n v o l v e s  t he  use o f  s u l f u r  compounds w i t h  s u l f u r  i n  t h e  + I V  o x i d a t i o n  s t a t e .  
S u l f u r  d i o x i d e  i s  t h e  most popu la r  among t h e  S(+IV) species,  t h e  ma jo r  
reason f o r  which appears t o  be t h e  c o s t  o f  us i ng  it. Dean (1974) has e s t i -  
mated t h a t  t h e  c o s t  o f  c h l o r i n a t i o n  o f  a  secondary e f f l u e n t  f o r  d i s i n f e c -  
t i o n  f o l l owed  by d e c h l o r i n a t i o n  w i t h  SO2 w i l l  be on t he  o rde r  o f  1.2 t o  1.3 
t imes as g r e a t  as c h l o r i n a t i o n  alone. 
S u l f u r  d i o x i d e  i s  g e n e r a l l y  purchased as a  l i q u i d  which i s  then 
conver ted t o  a  gas i n  p repa ra t i on  f o r  adding i t  t o  water .  The gas d i s s o l v e s  
r e a d i l y  i n  water fo rming  su l f u rous  a c i d  
The H2S03 p a r t i a l l y  i o n i z e s  t o  g i v e  HSO; and SO;, w i t h  t h e  r e l a t i v e  concen- 
t r a t i o n s  o f  these spec ies be ing  dependent on pH. Sodium b i s u l f i t e ,  NaHS03, 
and sodium s u l f i t e ,  Na2S03, a re  s a l t s  which a r e  a l s o  used as a  source of 
S(+IV) f o r  d e c h l o r i n a t i o n  b u t  these a r e  g e n e r a l l y  more expensive and l e s s  
s t a b l e  than SO2 (Laubusch, 1971). A  ma jo r  advantage i n  u s i n g  SO2 i s  t h a t  
t he  equipment used f o r  f eed ing  i t  i s  t he  same as t h a t  used f o r  dos ing 
c h l o r i n e  (White, 1972). Th is  s i m i l a r i t y  serves t o  c u t  down on equipment 
v a r i a b i l i t y  i n  a  p l a n t  and thus t o  reduce ope ra t i ona l  d i f f i c u l t i e s .  
According t o  White ( 1  972), hypochlorous a c i d  r e a c t s  w i t h  SO2 
as f o l l o w s :  
S02 + H20 + HOCl -+ 3  H+ + 50; + ~ 1 -  1.2 
w i t h  s i m i l a r  r e a c t i o n s  be ing  a p p l i c a b l e  when t h e  o t h e r  S(+IV) spec ies a r e  
used. Using Equat ion 1.2 as a  bas i s  f o r  c a l c u l a t i o n ,  i t  can be shown t h a t  
0.9 mg o f  SO2 i s  r e q u i r e d  per  mg of c h l o r i n e ,  as C12, reduced. S i m i l a r l y ,  
2.1 mg o f  a1 ka l  i n i  ty as CaC03 i s  r e q u i r e d  t o  r e a c t  w i t h  t h e  H+ produced by 
1 I + 
t h e  r e a c t i o n .  I f  t h e  H  r e s u l t i n g  f rom h y d r o l y s i s  o f  gaseous C12 when i t  
i s  added t o  t h e  water  i s  inc luded ,  a  t o t a l  o f  2.8 mg o f  a1 k a l  i n i  ty i s  r e -  
q u i r e d  pe r  mg o f  c h l o r i n e .  There i s  some evidence t h a t  t h e  r e q u i r e d  S(+IV) 
I 
I dose i s  a  f u n c t i o n  o f  t h e  composi t ion o f  t h e  water  (Gagen, 1941).  
The k i n e t i c s  o f  S(+IV) d e c h l o r i n a t i o n  a r e  v e r y  f a s t .  White (1972) 
I 
s t a t e s  t h a t  i t  r e a c t s  n e a r l y  i ns tan taneous l y  w i t h  f r e e  c h l o r i n e .  A  search 
' 1  o f  t h e  a v a i l a b l e  l i t e r a t u r e  has n o t  revea led  i n f o r m a t i o n  on t h e  e f f e c t  o f  1 
pH, temperature and composi t ion o f  t h e  wa te r  on t h e  k i n e t i c s .  Because o f  
1 t h e  v e r y  r a p i d  r e a c t i o n  k i n e t i c s ,  m i x i ng  i s  t h e  most impo r tan t  parameter t o  
I 
be cons idered when S(+IV) compounds a r e  t o  be used f o r  dechl  o r i n a t i o n .  
! The r e a c t i o n  between S(+IV) and oxygen 
I i s  impo r tan t  and m e r i t s  c a r e f u l  cons ide ra t i on .  The e x t e n t  t o  which i t  
proceeds wi  11 i nc rease  t h e  S(+IV) dose, ,but ,  more i m p o r t a n t l y ,  d e p l e t i o n  o f  
d i s s o l v e d  oxygen may n e c e s s i t a t e  a  c o s t l y  r e a e r a t i o n  s t ep  i f  dech lo r i na -  
1 t i o n  i s  be ing  a p p l i e d  p r i o r  t o  d ischarge  o f  a  t r e a t e d  wastewater t o  r e c e i v -  
1 
i n g  waters .  It a l s o  i n d i c a t e s  t h e  impor tance o f  avo id i ng  any overdose o f  
I 
I S(+IV),  which may be d i f f i c u l t  i n  c e r t a i n  s i t u a t i o n s .  
Sodium t h i o s u l f a t e ,  Na2S203, can a l s o  be used i n  d e c h l o r i n a t i o n  
i 
I b u t  i t  r e a c t s  more s l o w l y  than  t h e  S(+IV) compounds and i t  can c o n t r i b u t e  
i t o  sensory e f f e c t s  i n v o l v e d  w i t h  t a s t e  and odor  (Baker, 1964).  It i s  u s u a l l y  
employed f o r  d e c h l o r i n a t i n g  water  samples p r i o r  t o  b a c t e r i o l o g i c a l  a n a l y s i s .  
1 
. J] 2 .  D e c h l o r i n a t i o n  w i t h  Hydrogen Peroxide, Ammonia and Ferrous S u l f a t e  
Hydrogen perox ide  has n o t  been e x t e r ~ s i v e l y  used f o r  d e c h l o r i n a t i o n  
a l though i t  may have some p o t e n t i a l  i n  t h i s  respect .  According t o  Mishchenko 
e t  aZ. (1960), t h e  f o l l o w i n g  r e a c t i o n  w i l l  take  p lace.  
HOCl + H202 + O2 (aq)  + H+ + ~ 1 -  + ~~0  1.4 
Th is  r e a c t i o n  i s  n o t  thermodynamical ly l i m i t e d  ( A G O  = -36.3 kca l  a t  25°C) 
b u t  t h e  k i n e t i c s  o f  t h e  r e a c t i o n  w i t h  f r e e  c h l o r i n e  have n o t  been w e l l  de- 
f i ned .  I n  v iew o f  t h e  l a c k  o f  i n f o r m a t i o n  about t he  use o f  t h i s  compound 
f o r  d e c h l o r i n a t i o n ,  i t  i s  obv ious t h a t  much more remains t o  be learned  i f  
t h e  f e a s i b i l i t y  o f  us i ng  i t  i s  t o  be f u l l y  assessed. 
According t o  White (1972) as we1 1  as o thers ,  ammonia and f e r r o u s  
s u l f a t e  can be used as d e c h l o r i n a t i n g  agents. Ammonia can be used t o  e l i m i -  
na te  f r e e  c h l o r i n e  v i a  t he  b reakpo in t  r e a c t i o n ,  
o r  i t  can be used t o  conve r t  f r e e  c h l o r i n e  t o  combined c h l o r i n e .  A  ve ry  
l ong  r e a c t i o n  t ime, approx imate ly  20 minutes i n  t h e  pH range 7  t o  7.5, 
must be a l l o t t e d  f o r  t he  b reakpo in t  r eac t i on ,  however (White, 1972). 
Ferrous i on ,  Fe", can a l s o  be used as a  d e c h l o r i n a t i n g  agent, 
b u t  i t s  use i s  l i m i t e d  t o  s i t u a t i o n s  where d e c h l o r i n a t i o n  i s  f o l l owed  by 
a  s o l i d s  removal step. When o x i d i z e d  by c h l o r i n e ,  ~e'' i s  conver ted t o  
~ e + ~  which i s  ve ry  i n s o l u b l e  and which serves as a  good coagulant .  Sedi-  
menta t ion  and/or f i l t r a t i o n  would be r e q u i r e d  t o  remove i t  f rom t h e  water.  
Accord ing t o  White (1972), Fe" r e a c t s  r e a d i l y  w i t h  f r e e  c h l o r i n e .  
3. D e c h l o r i n a t i o n  w i t h  Ac t i va ted  Carbon 
a. Free Ch lo r i ne  - A c t i v a t e d  Carbon React ions 
A c t i v a t e d  carbon has been used f o r  d e c h l o r i n a t i o n  f o r  some t ime.  
The process was f i r s t  i n s t a l l e d  i n  a  mun ic ipa l  water  t rea tment  p l a n t  a t  
Reading, England i n  1910. I t  appears t o  have been used predorninant ly f o r  
t h e  removal o f  f r e e  c h l o r i n e ,  a1 though re fe rence  has been rr~ade t o  t h e  f a c t  
t h a t  i t  wi 11 a1 so remove combined c h l o r i n e  (Magee, 1956). Magee (1 956) was 
t h e  f i r s t  t o  conduct an i n t e n s i v e  s tudy  o f  t h i s  process b u t  d e s p i t e  t h e  ad- 
vancement which he and o the rs  f o l l o w i n g  him have made, much remains t o  be 
learned  about it. 
I n v e s t i g a t o r s  (Magee, 1956; Pu r i ,  1970) have s tud ied  t h e  r e a c t i o n  
between f r e e  c h l o r i n e  and carbon and accord ing  t o  t h e i r  f i n d i n g s ,  i t  can be 
descr ibed  by t h e  f o l l o w i n g  equat ion:  
HOCl co* 
* * 
where C represen ts  t h e  a c t i v a t e d  carbon and CO represen ts  a  sur face  ox ide  
on t h e  carbon. Magee (1956) showed t h a t  when f r e e  c h l o r i n e  i s  i n i t i a l l y  con- 
t a c t e d  w i t h  a c t i v a t e d  carbon, t h e r e  i s  an i n i t i a l  b u i l d u p  o f  C1-conta in ing 
spec ies on t h e  carbon sur face.  A f t e r  a  p e r i o d  o f  t ime, however, t h e  c h l o r i d e s  
produced i n  t h e  r e a c t i o n  a re  s t o i c h i o m e t r i c a l l y  equal t o  t h e  f r e e  c h l o r i n e  
removed f rom t h e  aqueous s o l u t i o n  i n  t h e  r e a c t o r .  Snoeyink e t  aZ. (1974) 
a l s o  observed s i m i l a r  r e s u l t s .  
The hydrogen i o n  produced i n  accordance w i t h  Equat ion 1.6 i s  i m -  
p o r t a n t  because i t  may necess i t a te  a  pH adjustment  s tep  subsequent t o  
d e c h l o r i n a t i o n .  The problem of a  pH decrease becomes more severe i f  c h l o r i n e  
gas i s  used as t h e  source o f  c h l o r i n e .  Ch lo r i ne  gas hydro lyzes t o  produce 
+ H when added t o  water.  The s to i ch iome t r y  o f  t h e  r e a c t i o n  i n  Equat ion 1.6 
+ 
r e q u i r e s  f u r t h e r  s tudy w i t h  r espec t  t o  p roduc t i on  o f  H , however. Based on 
t h i s  equat ion,  i t  i s  p red i c ted  t h a t  no H+ w i l l  be produced i f  0C1' r e a c t s  
i n  p l ace  o f  HOC1. However, 01 son and B inn ing  (1  974) and Snoeyi n  k  e t  a l .  
(1974) no t i ced  a  pH drop when OC1- reacted,  t h e  reason f o r  which was n o t  
determined. It may be a t t r i b u t a b l e  t o  t h e  fo rmat ion  o f  a  su r f ace  ox ide  i n  
t h e  form o f  a  carboxy l  group which subsequent ly i o n i z e s  t o  produce t he  H', 
however (Olson and Binn ing,  1974). I n  exper iments c a r r i e d  o u t  by t h e  author ,  
+ 
no H p roduc t i on  was observed when t h e  carbonate system was i n  equ i l i , b r i um 
w i t h  t h e  atmosphere. Thus, t h e  drop i n  pH observed by Olson and B inn ing  
(1974) and Snoeyink e t  a t .  (1974) cou ld  be a t t r i b u t e d  t o  C02 d i s s o l u t i o n  
f rorn t h e  atmosphere. 
The p roduc t i on  o f  su r face  ox ides v i a  Equat ion 1.6 i s  impo r tan t  
because o f  t h e i r  e f f e c t  on t h e  d e c h l o r i n a t i o n  r e a c t i o n  as w e l l  as on t h e  
adso rp t i on  o f  o rgan ic  compounds by t he  carbon. Magee (1956) a t t r i b u t e d  t h e  
gradual  r e d u c t i o n  i n  e f f i c i e n c y  o f  d e c h l o r i n a t i o n  o f  a  carbon bed t o  t h e  
gradual  po ison ing  o f  t h e  carbon sur face  w i t h  these ox ides .  He a l s o  observed 
t h a t  these ox ides were uns tab le  t o  a  c e r t a i n  degree because CO and C02 were 
re leased t o  t h e  s o l u t i o n .  That t h i s  does occur  i s  f o r t u n a t e  because i t  prob- 
a b l y  r e s u l t s  i n  extended l i f e  o f  t he  carbon f o r  d e c h l o r i n a t i o n .  
Using t h e  a n a l y t i c a l  procedure o f  Boehm (1966), Snoeyink e t  a l .  
(1974) s t u d i e d  t h e  accumulat ion o f  a c i d i c  su r face  ox ides as a  f u n c t i o n  o f  
t he  amount o f  f r e e  c h l o r i n e  reacted.  As t h e  amount o f  c h l o r i n e  reac ted  
increases,  t h e  sur face  concen t ra t i on  o f  NaOH t i t r a t a b l e  ox ides  reached a  
p l a teau  as can be seen i n  F igu re  1.1. A t  t h e  p l a teau  value, approx imate ly  
15 mmoles f r e e  c h l o r i n e  (1.06 g as C12) have reac ted  pe r  gram o f  carbon. 
Many o f  t h e  t i t r a t a b l e  ox ides were r e l a t i v e l y  v o l a t i l e  i n  na tu re  and cou ld  
be removed by d r y i n g  a t  105°-l100C o r ,  a l t e r n a t i v e l y ,  by d r y i n g  and ou t -  
gassing, as shown i n  F igu re  1.1. The same s tudy  showed t h a t  t h e  ox ides r e -  
rnoved by t h i s  procedure had l i t t l e  e f f e c t  on adso rp t i on  o f  pheno l i c  compounds. 
Only a  smal l  f r a c t i o n  o f  t h e  ox ides  which were produced v i a  
Equat ion 1.6 were t i t r a t a b l e  w i t h  NaOH. On t h e  bas i s  o f  t h e  r e a c t i o n  s t o i -  - 
ch iometry ,  a  one-to-one correspondence between ox ides produced and c h l o r i n e  
reac ted  i s  expected. Such was n o t  t h e  case, however. Only 1.5-2 mmoles o f  
t i t r a t a b l e  ox ides were formed f o r  15 mmoles reac ted  pe r  gram; a l s o  t h e  i n -  
crease i n  ox ides was n o t  l i n e a r  b u t  reached a  p la teau .  Some o f  t h e  ox ides 
were p robab ly  evo lved w h i l e  o the rs  were n o t  t i t r a t a b l e  w i t h  NaOH. It was 
a l s o  found p o s s i b l e  t o  n e a r l y  double t h e  concen t ra t i on  o f  NaOH t i t r a t a b l e  
ox ides  by us ing  t h ree  sequent ia l  t rea tments  o f  t h e  carbon w i t h  15 mmoles 
c h l o r i n e  per  gram, w i t h  each t rea tment  be ing f o l l owed  by d r y i n g  o f  t h e  carbon. 
The surface ox ides which r e s u l t  f rom r e a c t i o n  w i t h  c h l o r i n e  a l s o  
a f f e c t  adso rp t i on  o f  o rgan ic  compounds. F i gu re  1.2 (Snoeyink e t  a l .  , 1974) 
shows t h e  decrease i n  c a p a c i t y  o f  carbon f o r  p -n i t ropheno l  as a  f u n c t i o n  o f  
t h e  amount o f  c h l o r i n e  reacted.  Each t rea tment  w i t h  c h l o r i n e  was fo l lowed 
by d r y i n g  o f  t h e  carbon a t  105°-l100C p r i o r  t o  t h e  adso rp t i on  s tud ies .  The 
va lue  a t  60 mrnoleslg was ob ta ined  by us ing  carbon which had been reac ted  
w i t h  15 mmoles c h l o r i n e  per  gram f o u r  t imes and d r i e d  a f t e r  each t reatment .  
The decrease i n  c a p a c i t y  may p o s s i b l y  be a t t r i b u t e d  t o  d e s t r u c t i o n  o f  t h e  
Titretable  Acidic Oxides, rnmoles/g 
p- N itrophenol Surf ace Concentration, 1 0 ~ r n o l e s / ~  
carbonyl  f u n c t i o n a l  groups o r  t o  pore blockage by t h e  sur face  ox ides.  These 
r e s u l t s  a r e  g e n e r a l l y  c o n s i s t e n t  w i t h  those o f  Cough1 i n  e t  aZ. (1  968). The 
e f f e c t  on adso rp t i on  o f  o t h e r  types o f  o rgan ic  compounds may w e l l  be d i f f e r -  
e n t  than  was observed f o r  p -n i t ropheno l ,  e s p e c i a l l y  i f  t h e  compound w i l l  r e -  
a c t  s p e c i f i c a l l y  w i t h  t h e  sur face  ox ides which a r e  formed. 
I n  ba tch  systems, a  d i s t i n c t  brown c o l o r  was found i n  s o l u t i o n  
a f t e r  r e a c t i o n  o f  approx imate ly  15 mmoles c h l o r i n e  pe r  gram o f  carbon 
(Snoeyink e t  aZ. , 1974). Boehm (1 966) s i m i l a r l y  found brown c o l l o i d a l  
ma t te r  i n  suspension a f t e r  ex tens i ve  o x i d a t i o n  o f  carbon. 01 son and B inn ing  
(1974) observed a  s i m i l a r  m a t e r i a l  and noted t h a t  a  c e r t a i n  p o r t i o n  o f  i t  
was n o t  adsorbable by carbon. Snoeyink and Suidan (1975) observed t h a t  
t h i s  c o l o r  appeared i n  t h e  e f f l u e n t  f rom a  carbon d e c h l o r i n a t i o n  bed a f t e r  
about  3 grams f r e e  c h l o r i n e ,  as C l p ,  had reac ted  per  gram o f  carbon i n  t h e  
bed. I t should be noted, however, t h a t  t h e  amount o f  c h l o r i n e  which must 
r e a c t  b e f o r e  t h e  c o l o r  i s  produced i s  near t h e  amount t h a t  r e a c t s  d u r i n g  
t h e  l i f e  o f  a  t y p i c a l  d e c h l o r i n a t i o n  bed (as de f i ned  by a  p r e s e t  break- 
th rough  concen t ra t i on )  as g i ven  by Hagar and F l e n t j e  (1965).  I f  a l t e r n a -  
t i v e  des igns o f  t h e  bed a r e  used, t h e  p roduc t i on  o f  c o l o r  by t h e  carbon 
bed, r a t h e r  than  t h e  appearance o f  c h l o r i n e  i n  t h e  e f f l u e n t  o f  t h e  bed, may 
s i g n a l  t h e  need f o r  r egene ra t i on  o r  replacement o f  t h e  carbon. 
b. Dechl o r i n a t i o n  Bed L i f e  and Regenerat ion 
.- 
There i s  l i t t l e  q u a n t i t a t i v e  i n f o r m a t i o n  a v a i l a b l e  on t h e  l i f e  o f  
d e c h l o r i n a t i o n  beds o r  on procedures which w i l l  a l l o w  t h e  p r e d i c t i o n  o f  bed 
l i f e  under d i f f e r e n t  c o n d i t i o n s .  One excep t ion  i s  t h e  s e t  o f  curves presented 
by Hagar and F l e n t j e  (1965) as reproduced i n  F igu re  1.3, a l though no i n f o r -  
mat ion  i s  g iven  on t h e  procedures which were used t o  develop these curves. 
Using a  concen t ra t i on  o f  0.01 mg/R c h l o r i n e  t o  d e f i n e  breakthrough, Hagar 
and F l e n t j e  found bed l i f e  t o  be a  s i g n i f i c a n t  f u n c t i o n  o f  i n f l u e n t  c h l o r i n e  
concent ra t ion ,  h y d r a u l i c  l oad ing  r a t e ,  temperature,  pH, and p a r t i c l e  s i z e  of 
t h e  a c t i v a t e d  carbon. C a l c u l a t i o n s  made f rom these curves show t h a t  a t  an 
i n f l u e n t  concen t ra t i on  o f  1  mg/R o f  f r e e  c h l o r i n e ,  1  g  o f  8  x  30 U.S. 
s tandard mesh carbon w i l l  r e a c t  w i t h  0.28 and 2.1 g  c h l o r i n e  when loaded 
a t  r a t e s  o f  2  and 1  gpm/ft3, r e s p e c t i v e l y ,  w h i l e  1  g  o f  12 x  40 mesh carbon 
w i l l  r e a c t  w i t h  2.1 and 12.5 g  c h l o r i n e  when h y d r a u l i c  l o a d i n g  r a t e s  o f  2  
and 1  gpm/f t5  a r e  used, r e s p e c t i v e l y .  I f  2.1 g  c h l o r i n e  r e a c t  pe r  g  o f  
3  
carbon a t  t h e  1  gpr r~ / f t  l o a d i n g  r a t e ,  a  bed l i f e  o f  12.5 years  i s  p r e d i c t e d  
f o r  a  2.5 f o o t  bed depth. Th is  p e r i o d  o f  t irne i s  ve ry  long, however, and 
i t  i s  expected t h a t  adso rp t i on  o f  o rgan ics  which would cause a  decrease i n  
d e c h l o r i n a t i o n  e f f i c i e n c y  would n e c e s s i t a t e  regene ra t i on  much be fo re  t h e  
12.5 years.  
Care must be exerc ised  i n  us ing  F igu re  1.3. I f  Equat ion 1.6 
c o r r e c t l y  represen ts  t h e  r e a c t i o n ,  o n l y  5.9 g  f r e e  c h l o r i n e  can r e a c t  pe r  
g  carbon be fo re  each carbon atom has combined w i t h  an oxygen atom i f  a c t i -  
vated carbon i s  assumed t o  be 100 percen t  carbon. But  i f  each carbon atom 
can accept  2  oxygen atoms, then  17.7 g  c h l o r i n e / g  carbon represen ts  t h e  
maximurn. The t ype  o f  ox i de  formed i s  impo r tan t  i n  t h i s  respec t .  I f  t h e  
r e a c t i o n  were t o  proceed t o  these l i m i t s ,  a l l  t h e  carbon would have been 
conver ted t o  CO o r  C02. P r i o r  t o  complete conversion, however, t h e  carbon 
p a r t i c l e s  would fragment w i t h  t h e  sma l l e r  p a r t i c l e s  escaping f rom t h e  bed 
lnf luent Chlorine Conc., mg/l  
and t h e  dark  c o l o r ,  as noted above, would a l s o  be produced. I t  i s  n o t  ap- 
pa ren t  t h a t  F i g u r e  1.3 takes  these l a t t e r  phenomena i n t o  account.  
One p o s s i b l e  mechanism o f  r e a c t i o n  which cou ld  s i g n i f i c a n t l y  
a f f e c t  bed l i f e  and which m e r i t s  d i scuss ion  concerns t h e  c a t a l y t i c  des t ruc -  
t i o n  o f  HOCl by carbon as f o l l o w s :  
T h i s  r e a c t i o n  i s  therrnodynamical ly f avo red  as can be shown by f r e e  energy 
c a l c u l a t i o n s .  Prel l ' rn inary m o n i t o r i n g  o f  d i s s o l v e d  oxygen d u r i n g  d e c h l o r i -  
n a t i o n  has shown no s i g n i f i c a n t  change i n  concen t ra t i on ,  however, thus  r e -  
duc ing  t h e  p r o b a b i l i t y  t h a t  t h i s  r e a c t i o n  i s  impo r tan t  (Snoeyink and Suidan, 
1975). Magee (1956) s i m i l a r l y  found no i nc rease  i n  d i s s o l v e d  oxygen concen- 
t r a t i o n  d u r i n g  d e c h l o r i n a t i o n .  
The o r i g i n a l  a c t i v a t e d  carbon d e c h l o r i n a t i o n  e f f i c i e n c y  can be 
regenerated by hea t i ng  t h e  carbon t o  temperatures i n  excess o f  500"-700°C 
(Magee, 1956). Boehm (1966) and P u r i  (1970) noted t h a t  carbon must be 
heated i n  an i n e r t  atmosphere t o  a  temperature exceeding 1000°C i n  o r d e r  t o  
evo l ve  a l l  ox ides,  thus  i n d i c a t i n g  t h a t  e l i m i n a t i o n  o f  a l l  ox ides  i s  n o t  
necessary t o  r e e s t a b l i s h  t h e  o r i g i n a l  d e c h l o r i n a t i o n  e f f i c i e n c y .  
A l a r g e  we igh t  l o s s  may be noted d u r i n g  regenera t ion .  The v e r y  
ex tens i ve  su r f ace  area of carbon can ho ld  a  l a r g e  number o f  ox ides  and t h e  
carbon evo lved w i t h  t h e  ox ides  can be s i g n i f i c a n t .  I f  Equat ion 1.6 i s  co r -  
r e c t ,  f o r  example, each p a r t  by we igh t  o f  f r e e  c h l o r i n e  r e q u i r e s  0.17 p a r t s  
by we igh t  o f  carbon. Because many o f  t h e  ox ides  formed as p roduc ts  a r e  a t -  
tached t o  t h e  carbon, a  ve r y  s i g n i f i c a n t  p o r t i o n  o f  t h e  we igh t  l o s s  w i l l  t ake  
p l a c e  d u r i n g  t h e  regene ra t i on  step. 
Stuchl  i k  (Smisek and Cerny, 1970) r e p o r t s  t h a t  carbon i n  pressure 
d e c h l o r i n a t o r s  can be regenerated by steam t reatment .  The exhausted bed i s  
f i r s t  washed w i t h  a  bas i c  s o l u t i o n  t o  remove t h e  a c i d  which has formed d u r i n g  
t h e  d e c h l o r i n a t i o n  reac t i on .  Then 105"-11 O°C steam, 1  atm gauge pressure, 
, 
i s  in t roduced a t  t he  t o p  o f  t he  bed. Several  hours a r e  r e q u i r e d  f o r  t he  
stearn t o  heat  t he  bed; steaming i s  con t inued  f o r  about 1  h r  a f t e r  steam 
f i r s t  appears i n  t h e  e f f l u e n t  o f  t he  bed. A f t e r  steaming, t h e  carbon i s  
r i n s e d  and re tu rned  t o  opera t ion .  S tuch l  i k  i n d i c a t e s  t h a t  regenera t ion  
t rea tments  a f t e r  t h e  f i r s t  r egene ra t i on  a re  necessary a f t e r  success ive ly  
s h o r t e r  t ime i n t e r v a l s  and a f t e r  a  t ime t h e  carbon w i l l  r e q u i r e  rep lace-  
ment. He a l s o  no tes  t h a t  i n  g r a v i t y  f e d  dech lo r i na to r s ,  some recovery  o f  
c a p a c i t y  can be achieved by washing w i t h  c a u s t i c  s o l u t i o n .  
c. Rate of React ion and Model ing o f  D e c h l o r i n a t i o n  Beds 
Magee (1956) s tud ied  t he  r a t e  o f  r e a c t i o n  o f  f r e e  c h l o r i n e  w i t h  
carbon i n  a  column apparatus and c la imed t h a t  h i s  r e s u l t s  g e n e r a l l y  agree 
w i t h  t he  surface r e a c t i o n  be ing t h e  r a t e  l i m i t i n g  s tep.  He observed t h a t  
an i n i t i a l  stage, which he c a l l e d  a  d i f f u s i o n  c o n t r o l l e d  stage, was i n  e f -  
f e c t  p r i o r  t o  i n i t i a t i o n  o f  t he  sur face  r e a c t i o n  r a t e  c o n t r o l l e d  s tep.  The 
i n i t i a l  phase was observed t o  l a s t  f o r  approx imate ly  1000 bed volumes when 
t he  i n l e t  concen t ra t i on  o f  f r e e  c h l o r i n e  was 30 mg/L as C12. Subsequent t o  
t h i s  i n i t i a l  per iod ,  he found t h a t  t he  removal r a t e  cou ld  be descr ibed  by 
t h e  f i r s t  o rde r  r a t e  equat ion,  
- dC - - kc 
d t *  
which, f o r  t h e  i n i t i a l  c o n d i t i o n s  o f  concen t ra t i on  C = Co a t  t ime  t* = 0  
i n t e g r a t e s  t o ,  
The t ime  parameter, t*, i n  t h i s  case represen ts  t he  t ime o f  c o n t a c t  o f  t he  
c h l o r i n a t e d  water w i t h  carbon. 
A l though Magee's (1956) model i s  based upon t he  sur face  r e a c t i o n  
be ing t h e  r a t e  l i m i t i n g  step, i t  i s  n o t  apparent t h a t  t he  d i f f u s i o n  con- 
t r o l l e d  s tep  can be e l i m i n a t e d  f rom an accura te  model which descr ibes  t he  . 
r e a c t i o n .  Magee found t h a t  t he  r e a c t i o n  r a t e  cons tan t  was i n v e r s e l y  pro-  
p o r t i o n a l  t o  t he  p a r t i c l e  s i z e  o f  carbon, an observa t ion  which i s  incon-  
s i  s t e n t  w i t h  t he  sur face  r e a c t i o n  be ing r a t e  c o n t r o l  1  i n g  because t h e  t o t a l  
su r face  area o f  an adsorbent g e n e r a l l y  v a r i e s  ve ry  1  i t t l e  w i t h  p a r t i c l e  
s ize .  What Magee f a i l e d  t o  no te  was t h a t  t h e  i nve rse  p r o p o r t i o n a l i t y  be- 
tween k  and p a r t i c l e  d iameter  i n d i c a t e s  a  d i f f u s i o n  c o n t r o l l e d  mechanism 
i n  t h e  case o f  a  f i r s t  o rde r  sur face  r e a c t i o n  (Levenspie l ,  1972). Addi- 
t i o n a l  ly, Magee repo r ted  t h a t  t he  r e a c t i o n  r a t e  doubled f o r  a  temperature 
inc rease  o f  20°C f o r  t he  range 0  t o  90°C. Th i s  temperature e f f e c t  corresponds 
t o  an a c t i v a t i o n  energy o f  5.5 t o  8.6 kcal /mole,  va lues which correspond t o  
those g e n e r a l l y  a t t r i b u t e d  t o  a  d i f f u s i o n  c o n t r o l l e d  r e a c t i o n  r a t e  
( H e l f f e r i c h ,  1962). 
Magee (1956) found t h e  r a t e  cons tan t  t o  be an impo r tan t  f u n c t i o n  
o f  pH, w i t h  t h e  va lue  a t  pH 4-5.5 being f o u r  t imes g r e a t e r  than t h e  va lue  
a t  pH 8.5-10; marked d i f f e r e n c e s  i n  t h e  e f f i c i e n c y  o f  d i f f e r e n t  types o f  
carbon were a l s o  observed. 
Magee's (1956) model does n o t  t ake  i n t o  account  t h e  po ison ing ,  o r  
r e d u c t i o n  i n  r e a c t i o n  r a t e ,  which occurs  as t h e  e x t e n t  o f  t h e  r e a c t i o n  i n -  
creases. The data on which he based h i s  model were taken  a f t e r  a  s i g n i f i -  
c a n t  aniount o f  c h l o r i n e  had reac ted  w i t h  t h e  carbon and i t  was assurned t h a t  
a  f u r t h e r  r e d u c t i o n  i n  r a t e  as t h e  r e a c t i o n  proceeded would be n e g l i g i b l e .  
Equat ion 1.9 thus  p r e d i c t s  t h a t  a  d e c h l o r i n a t i o n  bed o p e r a t i n g  under a  g i ven  
s e t  o f  c o n d i t i o n s  w i l l  produce a  g i ven  q u a l i t y  o f  e f f l u e n t  i n d e f i n i t e l y ,  and 
t h i s  p r e d i c t i o n  i s  c o n t r a r y  t o  observed r e s u l t s .  
Kovach (1971) proposed t h e  use o f  bed h a l f - l e n g t h  (bed l e n g t h  r e -  
q u i r e d  t o  reduce t h e  i n f l u e n t  c o n c e n t r a t i o n  by one h a l f )  f o r  t h e  des ign  of 
a c t i v a t e d  carbon d e c h l o r i n a t i o n  beds. No i n f o r m a t i o n  was p rov ided  on how 
h i s  da ta  were c o l l e c t e d .  As s t a t e d  p r e v i o u s l y ,  Magee (1956), and Snoeyink 
and Suidan ( 1  975) observed t h a t  d e c h l o r i n a t i o n  columns ope ra te  a t  an unsteady 
s t a t e ,  a t  l e a s t  i n i t i a l l y .  Consequently, i t  i s  meaningless t o  even propose 
t h e  use o f  bed h a l f - l e n g t h  f o r  t h e  des ign o f  such r e a c t o r s .  
6. O b j e c t i v e  o f  Study 
P r e l i m i n a r y  i n v e s t i g a t i o n s  i n d i c a t e  t h a t  t h e  des ign  o f  a c t i v a t e d  
carbon d e c h l o r i n a t i o n  r e a c t o r s  on a  s teady s t a t e  b a s i s  i s  v e r y  erroneous and 
may l e a d  t o  excess ive  over-des ign.  The o b j e c t i v e  o f  t h i s  s t udy  was t o  de- 
ve l op  a  t h e o r e t i c a l l y  sound model f o r  t h e  d e c h l o r i n a t i o n  process. 
The model u t i l i z e d  a  proposed t h e o r e t i c a l l y  d e r i v e d  su r f ace  reac-  
t i o n  r a t e  express ion  based on Langmuir-Hinshelwood k i n e t i c s .  Th i s  r e a c t i o n  
r a t e  express ion  was i nco rpo ra ted  i n t o  a  pore d i f f u s i o n  model. Closed and 
cons tan t  c o n c e n t r a t i o n  ba t ch  r e a c t o r  da ta  were then  used t o  eva lua te  
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11. THEORETICAL ANALYSIS 
The r e a c t i o n  between aqueous f r e e  c h l o r i n e  and g ranu la r  a c t i v a t e d  
carbon i s  heterogeneous i n  na tu re .  A  f r e e  c h l o r i n e  molecule has f i r s t  t o  
m ig ra te  t o  an a c t i v a t e d  carbon s i t e .  T h i s  t r a n s p o r t  i n v o l v e s  b u l k  and sur-  
f ace  f i l m  t r a n s p o r t  which a r e  f u n c t i o n s  o f  t h e  hydrodynamics o f  t h e  r e a c t o r  
and f i n a l l y  pore d i f f u s i o n ,  s i nce  a c t i v a t e d  carbon i s  h i g h l y  porous w i t h  
p r a c t i c a l l y  a l l  t he  r e a c t i v e  sur face  s i t u a t e d  i n s i d e  t he  granule.  I n  t h i s  
study, i t  was assumed t h a t  t h e  major  r e s i s t a n c e  t o  f r e e  c h l o r i n e  t r a n s p o r t  
occurred i n  t h e  a c t i v a t e d  carbon pore. T h i s  assumption was v e r i f i e d  expe r i -  
mental l y  by runn ing  i d e n t i c a l  c losed  batch c h l  o r i n e - a c t i  vated carbon expe r i -  
ments under d i f f e r e n t  m i x i ng  cond i t i ons .  For low m ix i ng  r a t e s ,  t h e  r a t e  of 
f r e e  c h l o r i n e  r e d u c t i o n  increased w i t h  i n c r e a s i n g  m ix i ng  r a t e s .  As t h e  
m ix i ng  r a t e  was f u r t h e r  increased, t h e  concen t ra t i on  vs. t ime curves c o i n -  
c i ded  i n d i c a t i n g  t h a t  above a  minimum m ix i ng  i n t e n s i t y ,  no apprec iab le  b u l k  
o r  su r f ace  f i l m  t r a n s p o r t  r e s i s t a n c e  was present .  I n  a l l  ba tch  exper iments 
c a r r i e d  o u t  i n  t h i s  study, t h e  m ix i ng  i n t e n s i t y  was ma in ta ined  w i t h i n  t h e  
range where no e x t e r n a l  t r a n s p o r t  r e s i s t a n c e  was observed. I t  was f u r t h e r  
assumed t h a t  t he  outward d i f f u s i o n  o f  r e a c t i o n  p roduc t  f rom t h e  a c t i v a t e d  
carbon pores d i d  n o t  i n t e r f e r e  w i t h  t h e  fo rward  f r e e  c h l o r i n e  d i f f u s i o n .  
Th is  assu~npt ion i s  u s u a l l y  t r u e  i n  d i l u t e  systems such as t h e  one s t u d i e d  
here. 
The assumption t h a t  a l l  r e s i s t a n c e  t o  t r a n s p o r t  occurred w i t h i n  
t h e  a c t i v a t e d  carbon pores i s  ve ry  commonly employed i n  t he  s tudy  o f  reac-  
t o r  k i n e t i c s .  Petersen (1  965) s t a t e d  t h a t  " concen t ra t i on  d i f f e r e n c e s  be- 
tween t h e  b u l k  f l u i d  phase and t he  e x t e r n a l  su r face  o f  a  c a t a l y t i c  pe l  l e t  
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owing t o  e x t e r n a l  d i f f u s i o n  l i m i t a t i o n s  i s  never observed i n  t he  absence o f  
corresponding l a r g e r  concen t ra t i on  g rad ien t s  w i t h i n  t he  p e l l e t . "  
A. Sur face React ion Rate Expression 
The r e a c t i o n  between f r e e  c h l o r i n e  and a c t i v a t e d  carbon can be 
descr ibed  by (Magee, 1956; Pu r i ,  1970): 
C* + HOCl  -t CO* + H+ + C1- 1.6 
where C* represen ts  an a c t i v a t e d  carbon r e a c t i o n  s i t e  and CO* represen ts  
a  su r f ace  ox ide  on t he  carbon. The above r e a c t i o n  i s  heterogeneous and i t  
was assumed t h a t  i t  proceeds by a  s imple r e v e r s i b l e  adsorp t ion-desorp t ion  
s tep  f o l l o w e d  by a  s imple i r r e v e r s i b l e  d i s s o c i a t i o n  s tep.  
kl 
C* + HOCl  2 C H O C l *  
k2 
3  
C H O C l *  + CO* + H+ + C1- 2.2 
2  
where C H O C l *  represen ts  an adsorbed f r e e  c h l o r i n e  molecule and kl, L  /SITE*T, 
K2, M/SITE*T-L and k3, M/SITE*T*L a r e  r a t e  constants .  Here L, M y  T and SITE 
stand f o r  l eng th ,  mass, t ime  and sur face  s i t e ,  r e s p e c t i v e l y .  
Some o f  t h e  r e a c t i v e  carbon s i t e s  a re  o x i d i z e d  as t h e  sur face  
r e a c t i o n  proceeds. Plagee (1956) observed t h a t  some o f  these ox ides  were 
re leased  t o  t h e  s o l h t i o n  as C02 and CO. When such a  re l ease  occurred,  i t  
was assumed t h a t  t he  s i t e  was regenerated. As a  r e s u l t ,  t h e  t o t a l  number 
* 
o f  su r f ace  s i t e s ,  Ct, remains cons tan t .  A  m a t e r i a l  balance on t h e  sur face  
s i t e s  y i e l d s  
= C* + CO* + CHOCl* 2.3 
I n  t h e  above equat ion,  t h e  symbols r e f e r  t o  t h e  concen t ra t i ons  o f  t h e  
2  
r e s p e c t i v e  species.  The u n i t s  f o r  a l l  f o u r  su r f ace  spec ies a r e  SITE/L . 
I n  t h i s  s tudy,  t h e  d i s s o c i a t i o n  s t ep  of t h e  su r f ace  r e a c t i o n  was 
assumed t o  be r a t e  l i m i t i n g ,  and consequent ly  t h e  adsorp t ion -desorpa t ion  
s t ep  was assumed t o  be a t  e q u i l i b r i u m .  Th i s  i s  expressed by 
where C r ep resen t s  t h e  f r ee  c h l  o r i n e  concen t ra t i on ,  M/L'. When t h e  term 
f o r  C* as expressed i n  Equat ion 2.3 i s  s u b s t i t u t e d  i n  Equat ion 2.4, C H O C l *  
i s  so lved t o  be 
Since t h e  adso rp t i on -deso rp t i on  s t ep  was assumed t o  be a t  e q u i l i b r i u m ,  
then  t h e  r a t e  o f  p r o d u c t i o n  o f  c h l o r i d e  i o n s  i s  equal t o  t h e  r a t e  o f  f r e e  





C + k4 (c; - CO*) 
3  
where Rc r ep resen t s  t h e  r a t e  o f  f r e e  c h l o r i n e  genera t ion ,  M/L *T, and k4 
3  
r ep resen t  t h e  adso rp t i on -deso rp t i on  e q u i l i b r i u m  cons tan t ,  M/L g i ven  by 
k2/kl . 
A c t i v a t e d  carbon con ta i ns  i m p u r i t i e s  such as oxygen, hydrogen and 
meta ls  i n  a d d i t i o n  t o  carbon i n  t h e  fo rm o f  g r a p h i t i c  m i c r o c r y s t a l l i t e s .  I n  
a d d i t i o n ,  t h e  su r f ace  s t r u c t u r e  o f  t h e  carbon p robab l y  v a r i e s  a long  t h e  pores 
due t o  s t r a i n s  acqu i red  d u r i n g  manufacture. I n  t h i s  study, however, t h e  
carbon sur face  was assumed t o  be homogeneous. I t  was a l s o  assumed t h a t  
c h l o r i d e  and hydrogen i ons  produced by t h e  sur face  r e a c t i o n  do n o t  occupy 
any o f  t h e  r e a c t i v e  s i t e s .  As a  r e s u l t ,  they  were n o t  i nc l uded  i n  an over-  
a l l  r e a c t i v e  s i t e s  m a t e r i a l  balance. 
B. Model f o r  React ion w i t h i n  Carbon Pores 
The pores o f  an a c t i v a t e d  carbon g ranu le  a re  a  s e r i e s  o f  t o r t uous ,  
in te rconnec ted  paths o f  va ry i ng  c ross -sec t i ona l  areas. Consequently, i t  
would n o t  be f e a s i b l e  t o  descr ibe  d i f f u s i o n  w i t h i n  each o r  any o f  t h e  pores. 
I n  t h i s  study, i t  was assu~iied t h a t  t he  pore volume o f  a  carbon g ranu le  was 
made up o f  s t r a i g h t  c y l i n d r i c a l  open ended pores o f  l e n g t h  2  L  and d iameter  
P  
P . The h a l f  l eng th ,  L  o f  each such pore be ing equal t o  one -s i x th  t h e  P '  
average d iameter  o f  t h e  g ranu le  (Levenspie l ,  1972). Both open ends o f  a  
pore a r e  exposed t o  t h e  bu l k  f r e e  c h l o r i n e  concent ra t ion .  Because o f  t h a t ,  
symmetry e x i s t s  i n  a  pore and, consequent ly,  i t  i s  s u f f i c i e n t  t o  cons ider  
o n l y  h a l f  o f  such a  pore f o r  t h e  purpose o f  a n a l y s i s  (F i gu re  2.1).  
L e t  Y be t he  p o s i t i o n  v a r i a b l e  as measured from pore mouth, and 
cons ide r  a  d i f f e r e n t i a l  element o f  w i d t h  AY p o s i t i o n e d  a t  a  d i s t ance  Y f rom 
t h e  pore mouth. A  m a t e r i a l  balance on C leads  t o  
F lux  o f }  + { Rate o f  Generat ion F l u x  o f }  
{ c i n  o f  c - { c o u t  
= 
Rate o f  o f  Accurnu la t ion~  C 
which cou ld  be r e w r i t t e n  e x p l i c i t l y  as 

2 
where Dc represents t h e  d i f f u s i v i t y  o f  f r e e  c h l o r i n e  i n  the  pore, L  /Ty  and 
t represents t he  t ime dimension. D i v i d i n g  by AY and l e t t i n g  AY tend t o  zero, 
Equat ion 2.8 reduces t o  
L e t  W be t h e  mass o f  f r e e  c h l o r i n e  reac ted  per  u n i t  area o f  pore 
2 sur face,  M/L . Then a d i f f e r e n t i a l  m a t e r i a l  balance on C and W y i e l d s  
L e t  n be t h e  number o f  h a l f  pores per  u n i t  weight  o f  a c t i v a t e d  
3 carbon, V be the  pore volume per  u n i t  weight  o f  carbon, L / M y  g iven  by 
7rd 2 P 
(+) (L ) (n) ,  and A be the  pore sur face  area per  u n i t  weight  o f  carbon, 
P P 
2 L /M, g i ven  by ( rdp )  (Lp) (n ) .  M u l t i p l y i n g  Equat ion 2.9 by V Equation 2.10 P ' 
by A and s u b s t i t u t i n g  Equat ion 2.6 f o r  Rc leads t o  P 
where P and Q represen t  t he  mass concen t ra t i on  o f  f r e e  c h l o r i n e  pe r  u n i t  
mass o f  carbon and t h e  mass o f  f r e e  c h l o r i n e  reac ted  pe r  u n i t  mass o f  car-, 
bony r e s p e c t i v e l y .  S i m i l a r l y  SST and SSO represen t  t h e  number o f  t o t a l  and 
o x i d i z e d  r e a c t i v e  s i t e s  pe r  u n i t  mass o f  carbon, r e s p e c t i v e l y ,  each mu1 ti- 
p l i e d  by t h e  q u a n t i t y  +. Also, kg i s  equal t o  k4 mu1 t i p 1  i e d  by Y . P 
The sur face  r e a c t i o n  terms i n  Equat ions 2.11 and 2.12 a r e  a  
f u n c t i o n  o f  t h e  o x i d i z e d  r e a c t i v e  s i t e s ,  SSO. S r~oey i r~k  e t  aZ. (1974) presented 
da ta  d e s c r i b i n g  t h e  accumulat ion o f  NaOH t i t r a t a b l e  su r f ace  ox ides as a  
f unc t i on  of t h e  amount o f  c h l o r i n e  reac ted  per  u n i t  we igh t  o f  carbon. T h e i r  
data,  as reproduced i n  F igu re  1.1, cou ld  n o t  be used t o  a r r i v e  a t  a  t h e o r e t i -  
c a l  express ion  f o r  SSO s ince  o n l y  some of these ox ides  were measurable by 
t h e i r  technique and because t h e i r  da ta  represen t  an average e f f e c t  over  a  
carbon g ranu le  and n o t  a  l o c a l i z e d  e f f e c t  as SSO represen ts .  As a  r e s u l t ,  
an e m p i r i c a l  express ion  was adopted f o r  SSO which descr ibes  t h e  genera l  
shape o f  t h e  da ta  shown i n  F igure  1.1. 
sso = k7 2.13 
+ k l O Q  
I n  a d d i t i o n  i t  a l l ows  f o r  more f r e e  c h l o r i n e  t o  r e a c t  w i t h  t h e  carbon w i t h -  
o u t  much inc rease  i n  t he  su r f ace  ox ides  once t h e  l e v e l  o f  these sur face  
ox ides  became apprec iab le .  Th i s  i s  i n  agreement w i t h  Magee's (1956) obser- 
v a t i o n  t h a t  more C02 and CO was i n  t h e  e f f l u e n t  f rom packed bed a c t i v a t e d  
carbon r e a c t o r s  as t h e  i n f l u e n t  f r e e  c h l o r i n e  concen t ra t i on  t o  these r e a c t o r s  
was increased.  
S u b s t i t u t i n g  t h e  express ion f o r  SSO g i ven  by Equat ion 2.13 i n t o  
Equat ions 2.11 and 2.12 leads  t o  t h e  genera l  pore model 
ap - 
- - -  (SST - a t  P + k8 
C. Boundary Cond i t ions  and Reactor Mathematical  Model s  
The pore mathematical  model developed i n  t h e  p rev ious  s e c t i o n  
descr ibes  t h e  r e a c t i o n  and t r a n s p o r t  mechanisms t a k i n g  p lace  i n s i d e  t h e  
pores o f  a c t i v a t e d  carbon granules.  To so l ve  these equat ions,  however, 
boundary c o n d i t i o n s  a r e  needed t o  r e l a t e  t h e  c o n d i t i o n s  i n  t h e  b u l k  of 
t he  s o l u t i o n  t o  those i n s i d e  a  pore. I n  a d d i t i o n ,  i n i t i a l  c o n d i t i o n s  a r e  
a l s o  r e q u i r e d  t o  desc r i be  t h e  s t a t e  o f  t h e  systerr~ j u s t  p r i o r  t o  t h e  s t a r t  
o f  t h e  r e a c t i o n .  
The i n i t i a l  c o n d i t i o n s  needed t o  so l ve  Equat ions 2.14 and 2.15 
a r e  independent o f  t h e  type  o f  r e a c t o r  under c o n s i d e r a t i o n  and depend on 
t h e  s t a t e  o f  P and Q a t  t h e  , s t a r t  o f  an exper iment.  Assuming t h a t  f r e s h  
carbon was used, then t h e  i n i t i a l  c o n d i t i o n  on Q becomes 
The i n i t i a l  c o n d i t i o n  on P was obta ined f rom t h e  steady s t a t e  s o l u t i o n  o f  
Equat ion 2.14 w i t h  Q s e t  t o  zero. The use o f  such an i n i t i a l  c o n d i t i o n  as- 
sumes t h a t  t h e  concen t ra t i on  p r o f i l e  f o r  P i n s i d e  a  pore develops r e l a t i v e l y  
f a s t  compared t o  t he  speed o f  t he  sur face  r e a c t i o n .  Th i s  i n i t i a l  c o n d i t i o n  
i s  g i v e n  by 
The pore rnodel used i n  t h i s  study assumes a  s t r a i g h t  c y l i n d r i c a l  
pore w i t h  both open ends exposed t o  the  bu l k  f r e e  c h l o r i n e  concentrat ion.  
Because o f  the  symmetry o f  such a  pore, the boundary c o n d i t i o n  a t  the  ha l f  
l eng th  o f  a pore i s  g iven by 
f o r  t > - 0, 
The second boundary c o n d i t i o n  descr ibes the  concent ra t ion  P a t  
the  pore mouth. This  boundary c o n d i t i o n  i s  a  f u n c t i o n  o f  t he  type o f  re -  
a c t o r  f o r  which the  pore d i f f u s i o n  model i s  solved. 
1. Batch Reactors 
a. Constant Concentrat ion Batch Reactor 
The constant  concent ra t ion  batch reac tor ,  CCBR, assumes t h a t  the 
bu l k  s o l u t i o n  i s  i n f i n i t e  i n  volume thus r e s u l t i n g  i n  a constant  concentra- 
t i o n  o f  f r e e  c h l o r i n e  i n  t h e  bu lk  so lu t i on .  Consequently, t he  boundary 
c o n d i t i o n  a t  pore mouth f o r  a  CCBR i s  g iven by 
C = Co 
1 ,  f o r  t >  - 0, Y = 0  
o r  P = 
0 
3 
where Co i s  t he  f ree  c h l o r i n e  concentrat ion i n  t he  bulk ,  MIL and Po i s  
g iven by V x  Co. P 
The mathematical  model f o r  a  CCBR i s  t h e r e f o r e  g i ven  by Equat ions 
2.14, 2.15, 2.16, 2.17, 2.18 and 2.19. 
b. Closed Batch Reactor 
A c losed  ba tch  reac to r ,  sometimes known as a  s imp le  o r  f i n i t e  
ba tch  reac to r ,  assumes a  f i n i t e  b u l k  s o l u t i o n  volume i n  which t h e  a c t i v a t e d  
carbon i s  w e l l  mixed. When t h e  pore d i f f u s i o n  model i s  so lved f o r  such a  
r e a c t o r ,  t h e  boundary c o n d i t i o n  a t  pore mouth r e q u i r e s  a  f r e e  c h l o r i n e  ma- 
t e r i a l  balance t o  supp ly  a  l i n k  between t he  carbon pore phase and t h e  b u l k  
s o l u t i o n  phase. Because o f  t h i s ,  an express ion,  R r c y  f o r  t he  r a t e  o f  f r e e  
c h l o r i n e  removal from t h e  s o l u t i o n  phase i s  needed. Th i s  express ion  i s  g i ven  
by 
where m represen ts  t h e  concen t ra t i on  o f  act ivat .ed carbon pe r  u n i t  r e a c t o r  
3 3 volume, M/L and Rrc has t h e  u n i t s  o f  M/L .T. The r a t e  o f  c h l o r i n e  removal, 
R r ~  , expressed i n  terms o f  P i s  g i ven  by 
where R has t h e  u n i t s  T-I and i s  equal t o  R x  V . 
rP  r c  P 
The r a t e  o f  c h l o r i n e  removal, R due t o  a c t i v a t e d  carbon was 
r c  ' 
summed over  t ime  i n  c o n j u n c t i o n  w i t h  t h e  r a t e  o f  c h l o r i n e  disappearance, 
Rdy  owing t o  f a c t o r s  o t h e r  than a c t i v a t e d  carbon t o  p rov ide  t h e  pore mouth 
boundary c o n d i t i o n  f o r  a  c losed  batch r e a c t o r .  
t m V D  
c = co + I ( J = ~  - ~ ~ ) d ~ ;  f o r  t > 0, Y = o 2.22 
P ~ Y I Y  = o 0 
3 Rd has the  u n i t s  o f  M/L T. Equat ion 2.22 expressed i n  terms o f  P becomes 
t m V D  
P = Po - VpRd)dt; f o r  t - > 0, Y = 0 2.23 
0 
where Co represents the  i n i t i a l  bu l k  concent ra t ion  o f  f r e e  c h l o r i n e  and Po 
i s  g iven  by Vp  x Co. 
The mathematical model f o r  a c losed batch r e a c t o r  i s  there fo re  
g iven  by Equations 2.14, 2.15, 2.16, 2.17, 2.18 and 2.23. 
c. Nondimensionalized Batch Models 
The two batch r e a c t o r  models developed above were nondimensional- 
i z e d  us ing  t h e  dimensionless t ime, 0; d is tance,  5; and concent ra t ion ,  G, 
va r i ab les .  These dil i iensiorl l  ess v a r i a b l e s  were def ined as 
and P G = -  2.26 
0 
S u b s t i t u t i n g  the  above dimensionless v a r i a b l e s  i n  t he  CCBR model leads t o  
aG - 
- - -  
G (S IT  - a2G ae G P ~  + kg 1  + k10 Q )  + - ac2 
G P 3 = O (S IT  - 
GPO + kg ae 1  + k10 Q )  
Q = 0 ;  f o r  0 =  0, O < [  - < - 1  2.29 
a2G 
- - 'IT = 0; f o r  0  = 0, o 2 5  5 1  
a t 2  GPO + kg 
and G = 1; f o r 0 > 0 ,  - c = O  2.32 
where SIT and kg a r e  two d imens ion less  v a r i a b l e s  o b t a i n e d  f r o m  SST and k7, 
3 
r e s p e c t i v e l y ,  th rough  mu1 t i p 1  i c a t i o n  o f  each by t h e  q u a n t i t y  5 
Dc 
The nondimens iona l ized mathemat ica l  model f o r  a  c l o s e d  b a t c h  reac -  
t o r  i s  i d e n t i c a l  t o  t h e  CCBR model excep t  f o r  t h e  boundary c o n d i t i o n  g i v e n  
by Equa t ion  2.32 which i s  r e p l a c e d  by 
2. Packed Bed Column Reactor  
When t h e  pore d i f f u s i o n  model i s  so lved  i n  c o n j u n c t i o n  w i t h  a  
packed bed r e a c t o r  model, then t h e  pore  mouth f r e e  c h l o r i n e  c o n c e n t r a t i o n  
3 0 
i s  ob ta ined  through a  m a t e r i a l  balance on f r e e  c h l o r i n e  i n  t he  l i q u i d  phase 
o f  t h e  r e a c t o r .  The r a t e  o f  c h l o r i n e  reduc t i on ,  i n  t h i s  case, i s  s t i l l  ex- 
pressed by Equat ion 2.20. 
The column r e a c t o r  cons idered i n  t h i s  s tudy  i s  a  packed bed reac- 
t o r  w i t h  a x i a l  d i spe rs i on .  It c o n s i s t s  o f  a  c y l i n d r i c a l  tube, t i g h t l y  
packed w i t h  a c t i v a t e d  carbon. Aqueous c h l o r i n e  was pumped a t  a  steady r a t e  
i n t o  one end o f  t h e  column and o u t  t h e  o the r .  
I n  most d e c h l o r i n a t i o n  a p p l i c a t i o n s ,  a  ve ry  low e f f l u e n t  c h l o r i n e  
c o n c e n t r a t i o n  i s  d e s i r a b l e .  Consequently, an a x i a l  d i s p e r s i o n  te rm i s  
needed i n  t h e  mathematical  model o f  such a  bed t o  b e t t e r  p r e d i c t  t h e  lower  
e f f l u e n t  concen t ra t i ons  f rom such a  r e a c t o r  (Levenspie l  , 1972). The impor- 
tance o f  a x i a l  d i s p e r s i o n  i s  d iscussed i n  more d e t a i l  i n  t h e  s e c t i o n  on 
Resu l t s  and Wiscussion. 
To develop t he  govern ing equat ion  d e s c r i b i n g  t h e  f r e e  c h l o r i n e  
concen t ra t i on  l e v e l s  a long a  packed bed r e a c t o r ,  cons ider  t h e  schematic 
diagram f o r  such a  r e a c t o r  as g i ven  i n ,  F i gu re  2.2. L e t  A r ep resen t  t h e  
c ross  s e c t i o n a l  area o f  t h e  bed, L', Lb rep resen t  t h e  dep th  o f  t h e  bed, L, 
and z be t h e  p o s i t i o n  v a r i a b l e  as measured from t h e  .en t rance  en.d o f  t h e  bed. 
A d i f f e r e n t i a l  m a t e r i a l  balance on f r e e  c h l o r i n e  leads  t o  
C i n  by Bu lk )  + C i n  by A x i a l  C o u t  by Bulk)  C o u t  by A x i a l  1 - ' Transpo r t  D ispers ion  T ranspo r t  - ' Dispers ion  
C Generated by) = Rate o f  Accumulat ion 
+ .  ' Carbon o f  C 1 
which cou ld  be r e w r i t t e n  exp l  i c i  t l y  as 

where C r ep resen t s  t h e  f r e e  c h l o r i n e  concen t ra t i on ,  M/L< v  r ep resen t s  t h e  
a c t u a l  l i q u i d  v e l o c i t y  th rough  t h e  packed bed, L/T, E r ep resen t s  t h e  i n t e r -  
p a r t i c l e  p o r o s i t y  o f  t h e  packed carbon and DA r ep resen t s  t h e  a x i a l  d i s p e r s i o n  
2  
c o e f f i c i e n t ,  L  /T. I t  i s  impo r tan t  t o  no te  t h a t  C and P a r e  r e l a t e d  by P = 
C V and t h a t  Equat ion 2.35 i s  v a l i d  o n l y  a t  Y = 0. D i v i d i n g  Equat ion 2.35 
P  
by Az and l e t t i n g  Az tend  t o  ze ro  * leads t o  
The boundary c o n d i t i o n s  f o r  a  packed bed r e a c t o r  w i t h  a x i a l  
d i s p e r s i o n  have been t h e  s u b j e c t  o f  con t rove rsy  f o r  some t irne. The boundary . 
c o n d i t i o n s  adopted i n  t h i s  s t udy  assume t h a t  t h e  packed bed extends f rom 
z  = - rn t o  z  = +- w i t h  t h e  r e a c t i v e  a c t i v a t e d  carbon s i t u a t e d  between z = 0 
and z  = Lb. I t  was a l s o  assumed t h a t  t h e  bed was packed w i t h  an i n e r t  o r  
n o n r e a c t i v e  m a t e r i a l  i n  t h e  r eg ions  < z < - 0 and Lb < - z < The i n e r t  
pack ing  was o f  t h e  same p a r t i c l e  s i z e  as t h e  a c t i v a t e d  carbon and, conse- 
quen t l y ,  no sudden changes i n  t h e  f l o w  regime a r e  encountered a t  z  = 0 and 
z  = L  These boundary c o n d i t i o n s  as developed by B i s c h o f f  (1961 ) a r e  b' 




where C represents t h e  i n f  1 uent  f r e e  c h l o r i n e  concentrat ion.  The i n i t i a l  0 
c o n d i t i o n  on C i s  obta ined from the  steady s t a t e  s o l u t i o n  o f  Equations 2.17, 
2.18, 2.36,,2.37 and 2.38 and i s  represented by 
a2c m v  D 
D ~ 7  - ,ac + P x a z E L ~ Y I Y  = o = 0; f o r  t = 0, o < - z < - Lb a z P 
I n  conc lus ion  t h e  mathematical model f o r  t he  packed bed r e a c t o r  i s  
g iven  byEqua t i ons2 .14 ,  2.15, 2.16, 2.17, 2.18, 2.36, 2.37, 2.38and 2.39. 
a. Approximate Rate Expression 
The packed bed r e a c t o r  mathematical model cons i s t s  o f  a  system o f  
t h ree  non l i nea r  p a r t i a l  d i f f e r e n t i a l  equat ions. The numerical s o l u t i o n  o f  
such a system o f  equat ions i s  r a t h e r  compl icated and c o s t l y  i n  computer t ime. 
I n  an a t tempt  t o  s i m p l i f y  t h i s  model, i t  was observed t h a t  a f t e r  v e r i f y i n g  
t h e  a p p l i c a b i l i t y  o f  t he  two batch mathematical models t o  both c losed and 
cons tan t  concent ra t ion  batch data, c a l c u l a t i o n s  based on t h e  models showed 
t h a t  f o r  t h e  same t o t a l  mass o f  c h l o r i n e  reacted per  u n i t  weight  o f  carbon, 
X, t h e  r a t e s  o f  c h l o r i n e  removal were n e a r l y  i d e n t i c a l  when the  bu l k  con- 
c e n t r a t i o n s  were the  same. To i l l u s t r a t e  t h i s  f a c t ,  t he  two models were 
solved f o r  values o f  m, L  Dc, SIT, kg, kg and k10 equal t o  10 mg/R, 0.0035 P ' 
2 cm, 6 x  l o e 4  crn /min, 0.007, 0.000017, 2.66 and 380, respec t i ve l y .  The 
i n i t i a l  concent ra t ion  used i n  t h e  c losed batch model was 30 mg/R and t h e  
CCBR model was solved f o r  bu l k  co r~cen t ra t i ons  o f  20 and 10 rng/R. For a bu l k  
concen t ra t i on  o f  20 mg/R and a  va lue  o f  X equal t o  0.966 g/g, t h e  two p re -  
d i c t e d  r a t e s  were 0.004475 and 0.004472 mg/R-min f o r  t he  c losed  and cons tan t  
concen t ra t i on  ba tch  models, r e s p e c t i v e l y .  When X was 1.896 g/g and f o r  a  
h 
b u l k  concen t ra t i on  o f  10 mg/R, t h e  two r a t e s  p r e d i c t e d  by t h e  two models 
were i d e n t i c a l  a t  0.001563 mg/R-min. 
Based on t h i s  obse rva t i on  an express ion,  R(X,C), was developed t o  
1  express t h e  r a t e  of r e d u c t i o n  o f  c h l o r i n e  mass pe r  u n i t  mass o f  carbon, T- . 
Th i s  express ion i s  a  f u n c t i o n  o f  t h e  b u l k  c h l o r i n e  concent ra t ion ,  C, and 
t h e  mass of c h l o r i n e  reac ted  per  u n i t  mass o f  carbon, X .  T h i s  express ion 
was developed accord ing  t o  t he  f o l l o w i n g  procedure: 
( i )  The s o l u t i o n s  o f  t he  ba tch  models were used i n  c o n j u n c t i o n  
w i t h  s i m i l a r  ba tch  exper imenta l  data i n  o r d e r  t o  determine va lues f o r  t h e  
cons tan ts  SIT, k8, kg and klO. 
( i i )  The cons tan ts  thus  determined were then used i n  t h e  CCBR 
mathematical  model t o  determine t he  r a t e  o f  c h l o r i n e  removal as a  f u n c t i o n  
o f  X f o r  f o u r  d i f f e r e n t  b u l k  concen t ra t i ons  5, 10, 20 and 30 mg/R. 
( i i i )  The i n f o r m a t i o n  f rom s tep  ( i i )  was then p l o t t e d  on a  l o g -  
l o g  sca le  and f i t t e d  t o  t h e  emp i r i ca l  express ion 
I n  t h e  above express ion,  t h e  Ji,Sy i = 1,9 a r e  p o s i t i v e  cons tan ts  and J5y 
J8 and J g  a r e  r e l a t e d  by 
The terms J3-EXP(-J4*C) and J6*EXP(J7*C) a r e  e q u i v a l e n t  t o  t he  inverses  o f  
t h e  f i r s t  and second b reakpo in ts  as shown i n  F igu re  2.3. 
b. Mod i f i ed  Packed Bed Reactor Model 
The use o f  t h e  a l g e b r a i c  r a t e  express ion  R(X,C), t o  express t he  
r a t e  o f  f r e e  c h l o r i n e  removal i n  a packed bed r e a c t o r  model makes Equat ion 
2.36 independent o f  t h e  pore d i f f u s i o n  equat ions and, accord ing ly ,  t he  
packed bed mathematical  model reduces t o  
and 
2 ac tn DA - V -  - -R(O,C) = 0; f o r t  = 0, O < z  < Lb a z E - - a z 
f o r  z  = 0, t - > 0 
- - 
- 0; f o r  z  = L ~ ,  t > o az - 
c. Nondimensional i z e d  Packed Bed Reactor Model 
The packed bed rnatherrlatical rnodel was nondin~ensional  i z e d  us ing  
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where S, g i ven  by 0 represen ts  t h e  mass o f  f r e e  c h l o r i n e  a p p l i e d  p e r  
Lb LL 
U u n i t  t i m e  p e r  u n i t  mass of carbon; H, g i v e n  by - , rep resen t s  t h e  average 
v  
res idence  t i m e  o f  t h e  s o l u t i o n  i n  t h e  bed and Pe rep resen t s  t h e  P e c l e t  num- 
vLb be r  and i s  g i ven  by - - 1  The u n i t s  f o r  S and H a r e  T and T, r e s p e c t i v e l y ,  
D~ 
and Pe i s  d imension less.  The P e c l e t  number i s  a  measure o f  t he  degree o f  
m i x i n g  i n  t h e  r e a c t o r .  When Pe i s  sma l l ,  t h e  packed bed r e a c t o r  approaches 
a  comp le te ly  mixed r e a c t o r  and when Pe tends t o  i n f i n i t y ,  i t  approaches a  
p l u g  f l o w  r e a c t o r .  
d. P lug Flow Packed Bed Reactor  Model 
Under c e r t a i n  f l o w  c o n d i t i o n s ,  t h e  a x i a l  d i s p e r s i o n  c o e f f i c i e n t ,  
DA3 and a c c o r d i n g l y  t h e  m i x i n g  te rm g i ven  by t h e  i n v e r s e  o f  t h e  P e c l e t  num- 
ber  t a k e  sma l l  va lues.  I n  such a  case, t h e  c o n t r i b u t i o n  o f  DA t o  t h e  so lu -  
t i o n  o f  t h e  packed bed model becomes n e g l i g i b l e  and, consequent ly ,  i t  may be 
more conven ien t  t o  s o l v e  t h e  packed bed model w i t h  DA s e t  t o  zero,  l e a d i n g  
t o  a  p l u g  f l o w  r e a c t o r .  The mathematical  model d e s c r i b i n g  such a  r e a c t o r  
i s  ob ta i ned  f rom t h e  packed bed w i t h  a x i a l  d i s p e r s i o n  mathemat ica l  model 
by s e t t i n g  DA equal  t o  zero.  Thus t h e  nondimensional ized p l u g  f l o w  mathe- 
m a t i c a l  model i s  g i ven  by  
a F aF - 
- + - -  1  
a-r aa - - R(X,F) S 
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111. EXPERIMENTAL MATERIALS AND METHODS 
A. A c t i v a t e d  Carbon 
The a c t i v a t e d  carbon used i n  t h i s  s tudy  was b i tuminous base 
F i l t r a s o r b  400 (Calgon Corpora t ion ,  P i t t sbu rgh ,  PA). The a c t i v a t e d  carbon 
was prepared by mechanical  g r i n d i n g  f o l l o w e d  by s i e v i n g  i n t o  a  number o f  
p a r t i c l e  s i z e  ranges. The carbon was then  washed w i t h  deionized water,  f i r s t  
i n  a  beaker and then  i n  a  f l u i d i z e d  bed, t o  e l i m i n a t e  f i n e s .  It was subse- 
q u e n t l y  d r i e d  a t  105°-1100C. The s p e c i f i c  c h a r a c t e r i s t i c s  o f  t h e  carbon 
a r e  g i ven  i n  t h e  manu fac tu re r ' s  bu l  l e t i n  (Calgon Corpora t ion ,  1969). 
B. Free C h l o r i n e  Measurement 
The DPD Ferrous T i t r i m e t r i c  Procedure (s tandard Methods, 1970) was 
used t o  determine t h e  c o n c e n t r a t i o n  o f  aqueous c h l o r i n e .  For  exper iments  
r u n  a t  pH 10.0, samples were a c i d i f i e d  p r i o r  t o  f r e e  c h l o r i n e  measurements. 
A  5  ml b u r e t  was used f o r  t h e  t i t r a t i o n .  
T h i s  a n a l y t i c a l  techn ique  was found t o  be accu ra te  and r e p r o d u c i b l e  
down t o  a  f r e e  c h l o r i n e  concen t ra t i on  o f  0.1 mg/!L, as C12. For  c h l o r i n e  
concen t ra t i ons  h i ghe r  than  3 mgle, as C12, t h e  samples were d i l u t e d  i n  
o r d e r  t o  lower  t h e  measured concen t ra t i ons  t o  a  range o f  1-2 mg/Q, as C1 2 ' 
where t h e  end p o i n t  o f  t h e  t i t r a t i o n  was b e s t  de tec ted .  
C. Co lo r  Measurement 
A  q u a n t i t a t i v e  measure o f  t h e  brown c o l o r  o f  t h e  s o l u t i o n  was 
made f o r  one CCBR and one column exper iment.  Th i s  measurement was made a t  
270 nm w i t h  an ACTA I 1 1  UV-v i s i b l e  Spectrophotometer us i ng  a 10 cm l i g h t  
pa th  (Beckman Inst ruments,  Inc . ,  Ful l e r t o n ,  CA). These measurements were 
eva lua ted  r e l a t i v e  t o  t h e  b lank and i n f l u e n t  c h l o r i n e  s o l u t i o n  as was 
appl  i c a b l  e. 
The appearance o f  brown c o l o r  was a l s o  v i s u a l l y  de tec ted  i n  some 
CCBR and packed bed exper iments.  
D. Free Ch lo r i ne  So lu t i ons  
Stock f r e e  c h l o r i n e  s o l u t i o n s  were prepared by making a p p r o p r i a t e  
d i l u t i o n s  o f  t h e  household bleach, Clorox.  Free c h l o r i n e  s o l u t i o n s  were 
prepared by adding measured volumes o f  t h e  s tock  f r e e  c h l o r i n e  s o l u t i o n ,  
and 5 m l  o f  a pH 7.4 phosphate b u f f e r  (14.3 g KH2P04 p l u s  68.8 g K2HP04/E 
o f  b u f f e r  s o l u t i o n )  pe r  1 i t e r  o f  de ion ized  water.  The carbonate system o f  
t h e  s o l u t i o n s  was always s e t  c l ose  t o  e q u i l i b r i u m  w i t h  t h e  atmosphere a t  
t h e  o p e r a t i n g  pH o f  t h e  r e a c t o r  by t h e  a d d i t i o n  o f  c a l c u l a t e d  amounts o f  
Na2C03 and NaHC03. Adjustments o f  pH were made as necessary us ing  H C I  and 
NaOH s o l u t i o n s .  A Beckman Elect romate pH Meter (Beckrnan Inst ruments,  Inc . ,  
F u l l e r t o n ,  CA) was used f o r  pH measurement. 
E. Experimental 
1 . Batch Experirr~ents 
For  t he  exper iments run  a t  room temperature,  no temperature con- 
t r o l  was used and t h e  temperature v a r i e d  between 22.5"-23.5"C w i t h  23°C as 
a mean. For exper iments r u n  a t  35°C a Magni Whir l  Constant Temperature 
Bath (B lue M E l e c t r i c  Co., B lue I s l and ,  I L )  was used and f o r  exper iments a t  
Z°C, a cons tan t  temperature c o l d  room was used. 
For ba tch  exper iments c a r r i e d  o u t  a t  pH 4.0, where t h e  b u f f e r  
c a p a c i t y  o f  t h e  s o l u t i o n s  i s  weak, a  F i s h e r  Automat ic T i  t r i m e t e r  ( F i s h e r  
S c i e n t i f i c  Co., P i t t s b u r g h ,  PA) was used t o  m a i n t a i n  cons tan t  pH d u r i n g  
t h e  run.  A  0.5 - M NaOH s o l u t i o n  was used t o  c o n t r o l  pH i n  t h i s  case. For 
o t h e r  pH va lues i n v e s t i g a t e d ,  7.6 and 10.0, t h e  b u f f e r  c a p a c i t y  o f  t h e  so l u -  
t i o n s  was s u f f i c i e n t l y  s t r o n g  t o  p e r m i t  manual pH c o n t r o l .  A l l  ba tch  reac-  
t o r s  were covered w i t h  f o i l  t o  exc lude l i g h t  and t o  thus  p reven t  photode- 
compos i t i on  o f  t h e  c h l o r i n e .  
Two types  o f  ba tch  exper iments  were c a r r i e d  o u t  i n  t h i s  s tudy,  
c l osed  and cons tan t  concen t ra t i on .  
a. Closed Batch Exper iments 
Four l i t e r s  o f  s o l u t i o n  were used; t he  o n l y  substance added t o  
t h e  r e a c t o r  a f t e r  s t a r t i n g  t h e  t e s t  was NaOH for pH c o n t r o l .  A  b lank  reac-  
t o r  c o n t a i n i n g  a l l  reagents  except  a c t i v a t e d  carbon w a s r u n  t o  determine 
t h e  r a t e  o f  d isappearance o f  f r e e  c h l o r i n e  owing t o  f a c t o r s  o t h e r  than  r e -  
a c t i o n  w i t h  a c t i v a t e d  carbon. 
The r e a c t o r s ,  i n c l u d i n g  t he  b lank,  were mixed u s i n g  T - l i n e  
Labo ra to r y  S t i r r e r s  (Ta l  boys Eng ineer ing  Corp., Emerson, NJ) and a  T e f l o n  
s t i r r i n g  rod.  The speed o f  m i x i n g  was c o n t r o l l e d  by a  v a r i a b l e  Au to t rans-  
former (STACO, Inc. ,  Dayton, OH). The s t i r r i n g  speed was ma in ta ined  a t  
764-917 rpm as measured by a  B i d d l e  I n d i c a t o r  (James G .  B i d d l e  Co., Plymouth 
Meet ing,  PA). 
A f t e r  t h e  s o l u t i o n s  were mixed f o r  about 3 hours,  a c t i v a t e d  carbon 
was added t o  t h e  r e a c t o r s ;  t h e  i n i t i a l  concen t ra t i on  o f  c h l o r i n e  was mea- 
sured j u s t  p r i o r  t o  carbon a d d i t i o n .  
b. Constant  Concen t ra t ion  Batch Experiments 
The second t y p e  o f  ba tch  exper iment  c a r r i e d  o u t  i n  t h i s  s tudy  
was a  cons tan t  c o n c e n t r a t i o n  ba tch  r e a c t o r ,  CCBR. I n  t h i s  t ype  o f  e x p e r i -  
ment, o n l y  two l i t e r s  o f  s o l u t i o n  were used and bo th  t h e  r e a c t o r  and t h e  
b l ank  were mixed a t  61 0  rpm us ing  t h e  sarrle equipment descr ibed  i n  t h e  p re -  
v i ous  sec t i on .  
A l l  t h e  CCBR exper iments were conducted a t  room temperature,  
23"C, and a t  pH 4.0. The pH was ma in ta ined  a t  4.0 us i ng  t h e  F i she r  
Automat ic  T i  t r i m e t e r  descr ibed  p r e v i o u s l y .  
A c t i v a t e d  carbon was added t o  t h e  r e a c t o r s  a f t e r  t h e  s o l u t i o n s  
were mixed f o r  3  hours. The i n i t i a l  f r ee '  c h l o r i n e  c o n c e n t r a t i o n  was mea- 
sured j u s t  p r i o r  t o  carbon a d d i t i o n .  I n  t h i s  exper iment,  t h e  f r e e  c h l o r i n e  
c o n c e n t r a t i o n  was ma in ta ined  cons tan t  a t  C o y  and t h e  r a t e  o f  r e a c t i o n  was 
determined as a  f u n c t i o n  o f  t h e  mass o f  c h l o r i n e  r eac ted  per  u n i t  we igh t  o f  
carbon, X. Th i s  was accomplished by a l l o w i n g  t h e  f r e e  c h l o r i n e  concent ra-  
t i o n  i n  t h e  b u l k  t o  d rop  f rom Co + AC t o  Co - AC and then  adding more s tock  
c h l o r i n e  s o l u t i o n  t o  b r i n g  t h e  c o n c e n t r a t i o n  back t o  Co + AC. The va lues 
used f o r  AC were about  0.5-1.0 mg/R. The r a t e  o f  c h l o r i n e  r e d u c t i o n  was 
es t imated  f rom a  few measurements o f  c h l o r i n e  c o n c e n t r a t i o n  as t h i s  concen- 
t r a t i o n  dropped f rom Co + AC t o  Co - AC. A  s t ock  c h l o r i n e  s o l u t i o n ,  b u f f e r e d  
and ma in ta ined  a t  pH 4.0, and ano ther  pH 4.0 s o l u t i o n  which was b u f f e r e d  
b u t  v o i d  o f  any c h l o r i n e ,  were used t o  b r i n g  t h e  c h l o r i n e  c o n c e n t r a t i o n  i n  
t h e  r e a c t o r  back t o  Co + A C y  and t o  m a i n t a i n  t h e  volume o f  t h e  s o l u t i o n  i n  
t h e  r e a c t o r  cons tan t .  Both t h e  es t imated  r a t e  and t h e  va lue  o f  X were 
ad jus ted  by s u b t r a c t i n g  t h e  e f f e c t  o f  c h l o r i n e  decay as observed i n  t h e  
b lank r e a c t o r .  
2. Packed Bed Column Experiments 
The o t h e r  t ype  o f  exper iment was t h e  up f l ow  packed bed r e a c t o r .  
The i n f l u e n t  s o l u t i o n  was prepared i n  60 l i t e r  batches and i t  was s t a b i l -  
i z e d  by m i x i n g  f o r  a t  l e a s t  3 hours p r i o r  t o  app l y i ng  i t  t o  t h e  carbon. 
An FMI p o s i t i v e  d isp lacement  l a b  pump ( F l u i d  Meter ing,  Inc. ,  Oyster  Bay, 
N Y )  was used t o  p rov ide  a  steady i n f l u e n t  f l o w  r a t e .  Tygon t u b i n g  was 
used f o r  t h e  t r a r~s rn i ss i on  o f  t he  i n f l u e n t  a r ~ d  e f f l u e n t  f l ows .  The carbon ' 
colurnns were made f rom P l e x i g l a s s .  A  s u f f i c i e n t l y  l a r g e  r a t i o  o f  column 
d iameter  t o  p a r t i c l e  diarrleter was used t o  avo id  w a l l  e f f e c t s .  I n  t h e  case 
o f  18 x  20 U.S. Standard mesh s i z e  carbons t h i s  r a t i o  was 27.6 w h i l e  i t  was 
73.8 f o r  t h e  60 x  80 carbon. A  minimum depth o f  10 column d iameters  o f  
Ottawa sand was packed ahead o f  and a f t e r  t h e  carbon i n  t h e  column. Th i s  
sand had t h e  same p a r t i c l e  s i z e  as t h e  a c t i v a t e d  carbon and was i n e r t  t o  
c h l o r i n e .  I t s  purpose was t o  c o n t r o l  the  f l o w  regirne th rough t h e  carbon 
s e c t i o r ~  o f  t h e  r e a c t o r  a r~d  as such j u s t i f y  t h e  boundary c o n d i t i o n s  used i n  
t h e  packed bed w i t h  a x i a l  d i  spers ion  rr~atherrlat ical model . 
I V .  RESULTS AND DISCUSSION 
The procedure f o l l o w e d  i n  t h i s  s tudy  was t o  f i t  t h e  numer ica l  
s o l u t i o n  o f  t h e  ba tch  mathematical  models t o  co r respond ing  exper imenta l  
ba tch  da ta .  The cons tan ts  SIT, k8, kg and k10 were eva lua ted  th rough  a 
t r i a l  and e r r o r  f i t  o f  t h e  data.  The d i f f u s i v i t y  c o e f f i c i e n t ,  D c y  was as- 
s igned t h e  va lue  6 x  cm2/min a t  23°C. T h i s  va l ue  i s  an o r d e r - o f -  
magnitude es t ima te  f o r  s i m i l a r  molecu les i n  l i q u i d s  (Fog le r ,  1974) and was 
used f o r  b o t h  HOCl and OC1'. ( C a l c u l a t i o n  o f  Dc f o r  HOCl by t h e  Wi lke-  
Chang model, which a l s o  g i ves  an order-of-magnitude es t ima te  [ B i r d  e t  a l . ,  
2 19601 gave a va l ue  o f  1.12 x  cm /min) .  The va lue  used f o r  V was P 
0.94 cc /g  as ob ta ined  from t h e  manu fac tu re r ' s  b u l l e t i n  (Calgon Corp., 1969).  
The va lue  o f  L  was always taken as o n e - s i x t h  o f  t h e  a r i t h m e t i c  mean o f  t h e  
P 
p a r t i c l e  s i z e  range. 
A. Rate o f  Ch lo r i ne  Disappearance f rom Blank Reactor 
The r a t e  o f  d isappearance o f  f r e e  c h l o r i n e  f rom t h e  b l ank  r e a c t o r s  
was observed t o  f o l l o w  f i r s t  o rde r  k i n e t i c s  r a t h e r  c l o s e l y .  The r e s u l t s  
f r om  two b lank  exper iments  a r e  shown i n  F i g u r e  4.1. The da ta  e x h i b i t i n g  
t h e  h i g h e r  s lope  rep resen t  a  4  l i t e r ,  pH 4.0 and 35°C b lank  exper iment ,  
w h i l e  t h e  da ta  f rom t h e  second exper iment  were ob ta ined  a t  pH 4.0 and 23°C. 
As a r e s u l t  o f  t h e  l i n e a r i t y  shown by t h e  da ta  on a semi- log p l o t ,  t h e  t e rm  
Rd f o r  t h e  decay r a t e  i n  t h e  boundary c o n d i t i o n  appear ing i n  Equat ions 2.22, 
2.23 and 2.33 was rep laced  by 
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concen t ra t i on ,  MIL . The va lue  of kd f o r  t h e  pH 4.0, 35°C experiment was 
c a l c u l a t e d  t o  be 0.00003 min-l, w h i l e  i t  was found t o  be 0.0000134 min" f o r  
t h e  pH 4.0, 23°C experiment.  S i m i l a r  data were ob ta ined  f o r  pH 10.0 b lank  
exper iments c a r r i e d  o u t  a t  23" and 35°C. 
The va lues o f  kd c a l c u l a t e d  from t h e  two pH 10.0 b lank  expe r i -  
ments were equal t o  t he  va lhe  obta ined f rom t h e  23"C, pH 4.0 da ta .  A t  pH 
4.0, HOCl i s  t h e  predominant f r e e  c h l o r i n e  spec ies w h i l e  i t  i s  0 ~ 1 -  a t  pH 
10.0. Since t h e  same va lue o f  kd was ob ta ined  a t  these two pH va lues a t  
23"C, i t  was assumed t h a t  t h i s  same va lue  ho lds a t  i n t e rmed ia te  pH va lues 
where t h e  c h l o r i n e  s o l u t i o n  i s  made up o f  m i x tu res  o f  t h e  two f r e e  c h l o r i n e  
species.  Also, s ince  t h e  same va lue  o f  kd was ob ta ined  f o r  t h e  two pH 10.0 
exper iments a t  23" and 35"C, i t  was assumed t h a t  t h i s  same va lue  ho lds f o r  
b l ank  exper iments c a r r i e d  o u t  a t  t he  same pH b u t  a t  2°C. 
B lank exper iments were a l s o  c a r r i e d  o u t  i n  con junc t i on  w i t h  CCBR 
experiments.  I n  t h i s  case, however, t he  va lue  o f  Rd a t  o n l y  one concentra-  
t i o n ,  namely C o y  was needed. 
B. Experiments a t  pH 4.0 and 23°C 
1. Batch S tud ies  
Four d i f f e r e n t  c o r ~ s t a r ~ t  concen t ra t i on  ba tch  r e a c t o r ,  CCBR, expe r i -  
ments were c a r r i e d  o u t  a t  pH 4.0 and 23°C (F igures  4.2, 4.3, 4.4 and 4.5).  
I n  a l l  f o u r  experiments, 50 mglk o f  60 x  80  mesh carbon were used. The 
b u l k  concen t ra t ions ,  Co, i n  these f o u r  exper iments were mainta ined a t  an 
average concen t ra t i on  o f  30, 20, 10 and 5  mg/k. The b u l k  concen t ra t i on  i n  
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each o f  these exper iments  was a l lowed t o  va r y  between Co + AC and Co - AC 
i n  o r d e r  t o  a r r i v e  a t  an es t ima te  o f  t h e  r a t e  o f  c h l o r i n e  removal. The 
va lues o f  AC used were 1.0, 0.75, 0.5 and 0.5 mg/R f o r  t h e  30, 20, 10 and 
5  mg/R b u l k  c o n c e n t r a t i o n  CCBR exper iments,  r e s p e c t i v e l y .  
The 20 mg/R b u l k  concen t ra t i on  exper iment  (F i gu re  4 .3)  was r e -  
peated t h r e e  t imes  t o  t e s t  t h e  r e p r o d u c i b i l i t y  o f  t h e  da ta .  Th i s  reproduc i  
b i l  i ty  was cons idered t o  be ve ry  s a t i s f a c t o r y .  
Cons i s t en t  w i t h  t h e  su r f ace  r e a c t i o n  r a t e  express ion  g i ven  by 
Equat ion 2.6, t h e  r a t e  o f  C h l o r i n e  removal f o r  a  s p e c i f i c  va l ue  o f  X i n -  
creased w i t h  i n c r e a s i n g  b u l k  concen t ra t i on .  The r a t i o  o f  t h i s  i nc rease  
was h i g h  when t h e  10 and 5  mg/R da ta  were compared (F i gu res  4.4 and 4.5)  
b u t  tended t o  decrease as t h e  b u l k  c o n c e n t r a t i o n  inc reased  as i s  e v i d e n t  
frorn t h e  30 and 20 rng/R da ta  (F i gu res  4.2 and 4.3).  
Brown c o l o r  appeared i n  s o l u t i o n  a f t e r  t h e  r e a c t i o n  o f  4.2 and 
3.8 grams o f  f r e e  c h l o r i n e  pe r  gram o f  carbon i n  t h e  30 and 20 mg/R b u l k  
c o n c e n t r a t i o n  CCBR exper iments  shown i n  F igures  4.2 and 4.3. The o t h e r  two * 
CCBR exper iments  c a r r i e d  o u t  a t  b u l k  concen t ra t i ons  o f  10 and 5  mg/R (F igures  
4.4 and 4.5) were stopped p r i o r  t o  t h e  emergence o f  any v i s i b l e  brown c o l o r .  
The con t inuous  curves i n  F igures  4.2, 4.3, 4.4 and 4.5 r ep resen t  
t h e  r a t e  o f  c h l o r i n e  removal f o r  50 mg/R o f  60 x  80 mesh carbon as a  func -  
t i o n  o f  X, as p r e d i c t e d  by t h e  rnathernatical model f o r  t h e  CCBR. The va lues 
o f  t h e  model cons tan ts  f o r  these curves were 0.0035 cm, 0.007, 0.000017, 
2.66 and 380 f o r  L SIT, kg, kg  and klO, r e s p e c t i v e l y .  P ' 
I n  t h e  case o f  t h e  5  mg/R b u l k  c o n c e n t r a t i o n  exper iment  (F i gu re  
4.5),  t h e  model underest imated t h e  r a t e  f o r  va lues o f  X g r e a t e r  than  1  g/g. 
I 
I No a t tempt  was made t o  c o r r e c t  f o r  t h i s  because da ta  f rom o t h e r  pH 4.0, 
23'C exper iments were w e l l  p r e d i c t e d  us ing  t he  above model constants .  
1 
Two c losed  ba tch  exper iments were c a r r i e d  o u t  a t  pH 4.0 and a  
temperature o f  23°C. I n  bo th  experiments, t he  i n i t i a l  concen t ra t i on  o f  f r e e  
c h l o r i n e ,  as C12, and t he  a c t i v a t e d  carbon concen t ra t i on  were 30 mg/R and 
10 mg/R, r e s p e c t i v e l y .  The carbon used i n  bo th  exper iments was 60 x  80 
rnesh s i ze .  F i gu re  4.6 shows t he  r e s u l t s  o f  t he  two exper iments and i t  can 
be noted t h a t  reproduc i  b i  1  i ty  i s  excel  1  e n t .  
1 The same vallres of the  rr~odel cons tan ts  used i n  p r e d i c t i n g  t he  CCBR 
, data  i n  F igures  4.2, 4.3, 4.4 and 4.5 when used i n  t h e  c losed  ba tch  r e a c t o r  
I j mathematical  model r e s u l t e d  i n  t h e  cont inuous curve  i n  F igu re  4.6. The 
va lue  used f o r  kd, i n  t h i s  case, was 0.0000134 min-' as exp la ined  e a r l i e r .  
1 
I As can be seen frorn F igures  4.2, 4.3, 4.4, 4.5 and 4.6, t h e  two 
ba tch  mathematical  models were a b l e  t o  p r e d i c t  r a t h e r  c l o s e l y  t h e  exper imenta l  I 
batch  da ta  when bo th  model s  err~pl oyed t he  sarrle va lues   of t h e  rnodel constants .  
I 
I 2. P a r t i c l e  S ize  E f f e c t  S tud ies  
1 To t e s t  t h e  a b i l i t y  o f  t he  pore d i f f u s i o n  mathematical  model t o  
1 
I p r e d i c t  p a r t i c l e  s i z e  e f f e c t s ,  another  cons tan t  concen t ra t i on  ba tch  e x p e r i -  
I 
ment was c a r r i e d  o u t  a t  pH 4.0 and 23°C. The b u l k  f r e e  c h l o r i n e  concentra- 
t i o n  i n  t h i s  case was mainta ined on t he  average a t  30 mg/R; 50 mg/R o f  45 x  
50 mesh carbon were used. The r e s u l t s  o f  t h i s  exper iment a r e  shown i n  
i F igu re  4.7. Th i s  exper iment was stopped when brown c o l o r  was observed i n  
3 s o l u t i o n .  Th i s  brown c o l o r  became v i s i b l e  a f t e r  3.6 grams o f  c h l o r i n e  had i J 
reac ted  per  gram o f  a c t i v a t e d  carbon. I n  t h i s  exper iment  a  q u a n t i t a t i v e  
Chlorine Concentration, mg/f 
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measure o f  t h e  c o l o r  o f  t h e  samples was made a t  270 nrn us i ng  a  10 crrl l i g h t  
pa th  ( F i g u r e  4.7). The absorbance o f  t h e  f r e e  c h l o r i n e  s o l u t i o n  p r i o r  t o  
t h e  a d d i t i o n  o f  carbon was 0.14. A t  t h e  p o i n t  when brown c o l o r  became 
v i s i b l e  (X = 3 .6)  t h e  absorbance of t h e  s o l u t i o n  was 0.91. 
The model cons tan t s  k8 and k10 a r e  independent o f  L whereas SIT 
P  
and kg a r e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  square o f  L  (see s e c t i o n  I 1  ,C.2.c). 
P  
Consequently, t h e  va lues  o f  SIT and kg f o r  t h e  45 x  50 mesh carbon (L  = 
P  
0.0055 cm) were eva lua ted  f rom t h e  cor respond ing  va lues  o f  SIT and kg f o r  
t h e  60 x  80  mesh carbon t o  be 0.01728 and 6.568 r e s p e c t i v e l y .  
The above va lues  o f  t he  model cons tan ts  were used t o  p r e d i c t  t h e  
r a t e  o f  f r e e  c h l o r i n e  removal - vs. X cu rve  f o r  t he  45 x  50 mesh carbon and 
t h e  r e s u l t s  a r e  shown as a  con t inuous  curve  i n  F i g u r e  4.7. As i s  obv ious 
f rom t h e  f i g u r e ,  a  r a t h e r  good correspondence was ob ta i ned  between t h e  
exper imenta l  and p r e d i c t e d  da ta  i n d i c a t i n g  t h a t  t h e  model i s  v a l i d  f o r  
p r e d i c t i n g  p a r t i c l e  s i z e  e f f e c t s .  
It i s  i n t e r e s t i n g  t o  no te  f o r  bo th  t h e  exper imenta l  and p r e d i c t e d  - 
da ta  i n  F i gu res  4.2 and 4.7 t h a t  a t  l ow va lues  o f  X, t h e  r a t e  of f r ee  
c h l o r i n e  removal f o r  t h e  60 x  80 mesh carbon i s  a p p r e c i a b l y  l a r g e r  than t h a t  
f o r  t h e  45 x  50 mesh carbon. When X i s  zero,  t h e  e f f e c t i v e n e s s  f a c t o r  ( t h e  
r a t i o  o f  t h e  a c t u a l  r a t e  t o  t h a t  r a t e  ob ta i ned  i f  a l l  t h e  carbon su r f ace  
was exposed t o  t h e  b u l k  f r ee  c h l o r i n e  c o n c e n t r a t i o n )  f o r  t h e  60 x  80 mesh 
carbon was computed t o  be 0.0921 w h i l e  t h a t  f o r  t h e  45 x  50 mesh carbon 
was found t o  be 0.0586. Th i s  d i f f e r e n c e ,  however, tends t o  decrease as 
X increases;  t he  mathematical  model p r e d i c t s  t h a t  when 3  grams o f  c h l o r i n e  
have reac ted  w i t h  one gram of carbon, t h e  r a t e  f o r  t h e  45 x  50 mesh carbon 
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i s  97.3 pe rcen t  t h a t  o f  t h e  60 x  80 mesh carbon and t h e  cor responding e f -  
f e c t i v e n e s s  f a c t o r s  were computed t o  be 0.94 and 0.966, r e s p e c t i v e l y .  T h i s  
obse rva t i on  i s  c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  as t h e  e f f e c t i v e  r e a c t i v i t y  o f  
t h e  su r f ace  decreases, t h e  e f f e c t i v e n e s s  f a c t o r  f o r  bo th  p a r t i c l e  s i z e s  
tends towards one. Also,  s ince  t h e  i n i t i a l  e f f e c t i v e n e s s  f a c t o r  was found 
t o  be much lower  than  one, a  mathematical  model t h a t  does n o t  i n c l u d e  pore  
d i f f u s i o n  e f f e c t s  would n o t  be i n  o rder .  
To f u r t h e r  check on t h e  a b i l i t y  o f  t h e  pore  model t o  p r e d i c t  
p a r t i c l e  s i z e  e f f e c t s ,  a  c losed  batch exper iment was c a r r i e d  o u t  a t  pH 4.0 
and 23"C, w i t h  45 x  50 mesh s i z e  carbon. The i n i t i a l  f r e e  c h l o r i n e  con- 
c e n t r a t i o n  and a c t i v a t e d  carbon c o n c e n t r a t i o n  were 30 mg/R and 10 mg/R, 
r e s p e c t i v e l y ,  and t he  r e s u l t s  a r e  shown i n  F i g u r e  4.8. 
The con t inuous  curve  i n  F i gu re  4.8 represen ts  t he  c o n c e n t r a t i o n  
l e v e l s  as p r e d i c t e d  by t he  c losed  ba t ch  mathematical  model f o r  t h e  same 
va lues  o f  SIT, kg, kg  and k10 used i n  t h e  CCBR mathematical  model t o  pre-  
, 
diet t h e  45 x  50 mesh carbon da ta  i n  F i g u r e  4.7. The va lue  used f o r  kd 
was once more 0.0000134 rnin- '  . Examinat ion o f  F i gu re  4.8 shows t h a t  t h e  
model underest imated t h e  e f f e c t  o f  p a r t i c l e  s i z e  b u t  t h e  d i sc repanc ies  were 
n o t  d r a s t i c .  
3. Packed Bed S tud ies  
A c t i v a t e d  carbon packed bed experirr lents were c a r r i e d  o u t  i n  o r d e r  
t o  e v a l u a t e  t h e  accuracy o f  t he  packed bed rr lathematical model f o r  p r e d i c t i n g  
t h e  behav io r  o f  such reac to r s .  
The da ta  shown i n  F i gu re  4.9 r ep resen t  t h e  e f f l u e n t  c o n c e n t r a t i o n  
Chlorine Concentration, mg / q  
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FIG. 4.9 CHLORINE BREAKTHROUGH CURVE, pH 4, 23O C , 60 x 80 MESH 
CARBON 
vs. t i m e  f o r  a  packed bed exper imen t  where in  t h e  i n f l u e n t  c o n c e n t r a t i o n ,  
pH, tempera tu re  and f l o w  r a t e  were 20 mg/R, 4.0, 23OC and 32.78 cc /min  
2  (4.26 gpm/f t  ) ,  r e s p e c t i v e l y .  The carbon, 1.49 g  of  60 x  80  mesh, was 
packed i n  a  1.55 cm i n t e r n a l  d iamete r  column. The l e n g t h  o f  t h e  carbon 
p o r t i o n  o f  t h e  bed, Lb was 1.65 cm. The bed p o r o s i t y  was assumed t o  be 
0.43 based on p r e v i o u s  d e t e r m i n a t i o n s  made u s i n g  p a r t i c l e s  o f  s i m i l a r  shape 
( F a i r  et aZ., 1968).  I n i t i a l l y ,  t h e  e f f l u e n t  pH r o s e  t o  5.2, a p p a r e n t l y  
owing t o  a d s o r p t i o n  o f  p r o t o n s  by t h e  carbon, and a f t e r  a b o u t  one hour  i t  
decreased t o  3.6. A f t e r  t h i s  i n i t i a l  p e r i o d ,  t h e  pH s t e a d i l y  i n c r e a s e d  
towards 4.0. Brown c o l o r  was observed i n  t h e  e f f l u e n t  a f t e r  abou t  275 
hours  a t  wh ich  t i m e  an average o f  3.45 grams o f  c h l o r i n e ,  as C12, had 
r e a c t e d  w i t h  each gram o f  carbon. Us ing t h e  c o n s t a n t  c o n c e n t r a t i o n  b a t c h  
r e a c t o r  model, i t  was p r e d i c t e d  t h a t  3.6 grams o f  f r e e  c h l o r i n e ,  as C12, 
would have r e a c t e d  w i t h  a  gram o f  carbon exposed t o  20 mg/R o f  f r e e  c h l o r i n e  
(column i n f l u e n t  c o n c e n t r a t i o n ) .  
The f o u r  p r e d i c t e d  cu rves  f o r  t h e  60 x  80  mesh carbon shown i n  
F i g u r e s  4.2, 4.3, 4.4 and 4.5 were used t o  o b t a i n  t h e  a l g e b r a i c  f i t ,  R(X,C). 
2  Us ing  t h i s  a l g e b r a i c  f i t  and an a x i a l  d i s p e r s i o n  c o e f f i c i e n t ,  D A Y  o f  1  cm /min 
( L e v e n s p i e l  , 1972), t h e  packed bed mathemat ica l  model was s o l v e d  t o  p r e d i c t  
t h e  b reak th rough  c u r v e  f o r  t h e  same c o n d i t i o n s  used i n  o b t a i n i n g  t h e  da ta  
i n  F i g u r e  4.9. The p r e d i c t e d  c u r v e  shown as  a  c o n t i n u o u s  l i n e  i n  t h e  same 
f i g u r e  f o l l o w e d  t h e  d a t a  r a t h e r  w e l l  i n d i c a t i n g  t h e  v a l i d i t y  o f  u s i n g  b a t c h  
d a t a  t o  p r e d i c t  column performance. 
The packed bed mathemat ica l  model was a l s o  s o l v e d  f o r  v a l u e s  o f  
2  t h e  a x i a l  d i s p e r s i o n  c o e f f i c i e n t ,  DAY o f  2, 3  and 4  cm /min.  The s o l u t i o n s  
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were i n i t i a l l y  d i f f e r e n t  f rom the  s o l u t i o n  shown i n  F igu re  4.9 b u t  a f t e r  
about 40 hours, t h i s  d i f f e r e n c e  became n e g l i g i b l e .  The va lue  o f  DA o f  
2  1  cm /min was se lec ted  s i nce  i t  gave b e t t e r  f i t  o f  t h e  da ta .  A l l  t h e  data 
presented i n  t h i s  s tudy  were c o r r e l a t e d  us ing  t h i s  model. 
Th is  model was a1 so so lved assuming p lug  f l o w  ( i  . e. , DA = 0 ) .  
T h i s  s o l u t i o n  r e q u i r e d  t he  use o f  a  d i f f e r e n t  numerical  technique, as ou t -  
1  i n e s  i n  Appendix A, which proved t o  be more c o s t l y  than  t he  s o l u t i o n  i n -  
c l u d i n g  t h e  a x i a l  d i s p e r s i o n  term. No apprec iab le  d i f f e r e n c e  was observed 
2  between t he  s o l u t i o n s  f o r  DA equal t o  zero  and DA equal t o  1  cm /min. 
To f u r t h e r  t e s t  t h e  a b i l i t y  o f  t h e  model t o  p r e d i c t  p a r t i c l e  
s i z e  e f f e c t s ,  another  packed bed exper iment was run,  t h i s  t ime  us ing  18 x  
20 mesh carbon (see F igu re  4.10). The i n f l u e n t  concen t ra t i on ,  pH and temper- 
a t u r e  i n  t h i s  exper iment were t h e  same as t he  p rev ious  column experiment.  
2  The f l o w  r a t e  was 83.9 cc/min (4.06 gpm/f t  ) ;  8.92 g  o f  carbon were packed 
i n  a  2.54 cm i n t e r n a l  d iameter  column y i e l d i n g  a  bed l e n g t h  o f  4  cm. 
I n i t i a l l y ,  t h e  e f f l u e n t  pH rose  t o  5.3 and a f t e r  one hour i t  
dropped t o  3.5. Af terwords,  t he  pH rose  s t e a d i l y  towards 4.0. Brown c o l o r  
was observed i n  t h e  e f f l u e n t  a f t e r  about 395 hours a t  which t ime an average 
o f  2.3 grams o f  c h l o r i n e ,  as C12, had reac ted  w i t h  each gram o f  carbon. 
Using t h e  CCBR model, i t  was p red i c ted  t h a t  2.84 grams o f  c h l o r i n e  as C12 
would have reac ted  w i t h  a  gram o f  carbon l oca ted  a t  t h e  en t rance  o f  t h e  
column under c o n d i t i o n s  o f  ope ra t i on  o f  t h e  bed. 
Assuming t h a t  t he  i n t e r n a l  p a r t i c l e  p o r o s i t y  does n o t  va ry  w i t h  
p a r t i c l e  s i ze ,  and us ing  an expe r imen ta l l y  determined va lue f o r  m (we igh t  
o f  a c t i v a t e d  carbon pe r  u n i t  volume o f  packed bed), t he  bed p o r o s i t y  i n  t h i s  
Effluent Concentration, mg/X 
case was ca l cu la ted ,  based on t h e  60 x  80 mesh carbon bed p o r o s i t y  t o  be 
0.476. 
The pore leng th ,  L f o r  t he  18 x  20 mesh carbon i s  0.0153 cm. 
P ' 
For t h i s  pore l eng th ,  SIT and kg were c a l c u l a t e d  t o  be 0.1343 and 51.05, 
r e s p e c t i v e l y .  The cons tan ts  k8 and kg remain unchanged a t  0.00001 7  and 
380 r e s p e c t i v e l y ,  as t hey  a re  independent o f  pore leng th .  Using these 
values, t h e  a l g e b r a i c  f i t, R(X,C), was ob ta ined  us ing  f o u r  CCBR model runs  
a t  b u l k  concen t ra t i ons  o f  5, 10, 20 and 30 mg/R. Th is  a l g e b r a i c  f i t  was 
2  then used a long w i t h  an a x i a l  d i s p e r s i o n  c o e f f i c i e n t  o f  1  cm /min i n  t h e  
packed bed mathematical  model t o  p r e d i c t  t he  breakthrough curve f o r  t h e  
same c o n d i t i o n s  a p p l i c a b l e  t o  t h e  da ta  i n  F igure  4.10. 
The p r e d i c t e d  curve  i s  shown i n  F igu re  4.10 as a  cont inuous l i n e .  
Correspondence between t h e  p red i c ted  curve  and t he  data was r a t h e r  good, 
once more i n d i c a t i n g  t h e  v a l i d i t y  o f  t he  model i n  p r e d i c t i n g  p a r t i c l e  
s i z e  e f f e c t s .  
It i s  i n t e r e s t i n g  t o  add here t h a t  f o r  f r e s h  carbon, an e f f e c t i v e -  
ness f a c t o r  o f  0.0209 was computed f o r  t he  18 x  20 mesh carbon. Th i s  e f -  
f e c t i v e n e s s  f a c t o r  increased as t he  r e a c t i o n  proceeded and was 0.625 when 
3  grams o f  f r e e  c h l o r i n e  had reac ted  w i t h  one gram o f  carbon. 
Un fo r t una te l y ,  no q u a n t i t a t i v e  measurement o f  c o l o r  was made f o r  
t h e  packed bed column experiments i n  F igures  4.9 and 4.10. The da ta  shown 
i n  F igu re  4.11 rep resen t  t h e  e f f l u e n t  concen t ra t i on  - vs. t ime f rom a  60 x  
80 packed bed exper iment c a r r i e d  o u t  a t  23OC f o r  which c o l o r  measurements 
were made, however. 
E i g h t  grams o f  carbon were packed i n  2.54 cm i n t e r n a l  d iameter  
- 
Flow Rate 4.25 gpm/ft2 
- Bed Length = 3.3 cm 
P 
lnf  luent Concentration = 18-23 m9/1 
- = 270 nm 
Chlorine Measurement 
9-  I Absorbance Measurement - 0.9 
8-  - 0.8 
7-  - 0.7 
6- - 0.6 
5- - 0.5 
4- - 0.4 
3- - 0.3 
2-  - 0.2 
I -  -0.1 
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FIG. 4.1 1 CHLORINE AND COLOR BREAKTHROUGH CURVE , pH 3.2 -5.8, 23OC , 60 x 8 0  
MESH CARBON 
column. The average l e n g t h  o f  t h e  carbon p o r t i o n  o f  t h e  bed was 3.3 cm 
2  
and t h e  i n f l u e n t  f l o w  r a t e  was ma in ta ined  a t  87.5 cc/min (4.25 gprn/ft  ) .  
I n  t h i s  exper iment  t h e  carbon was he ld  i n  p l a c e  by a  l a y e r  o f  g l a s s  wool 
on each s i de .  The g l a s s  wool was i n  t u r n  supported by t i g h t l y  packed 0.2 
cm g l a s s  beads. The i n f l u e n t  f r e e  c h l o r i n e  c o r ~ c e n t r a t i o n  v a r i e d  between 
18 and 23 mg/R, and t h e  i n f l u e n t  pH ranged f rom 3.2 t o  5.8. T h i s  e x p e r i -  
rr~ent was v e r y  c r u d e l y  prepared as i t  was in tended  f o r  t h e  purpose o f  p re -  
l i m i n a r y  i n v e s t i g a t i o n  on l y .  It i s  r e p o r t e d  here o n l y  because c o l o r  mea- 
surements o f  t h e  e f f l b e n t  samples were made. The absorbance, a  measure 
o f  t h e  o rgan i c  m a t t e r  p resen t  and t h e  c o l o r ,  o f  t h e  e f f l u e n t  s o l u t i o n  E. 
t i m e  i s  shown i n  F i gu re  4.11. 
Brown c o l o r  was observed i n  t h e  e f f l u e n t  a f t e r  about  288 hours,  
a t  which t ime  t h e  absorbance o f  t h e  e f f l u e n t  was measured a t  0.7. By t h e  
t i m e  brown c o l o r  became v i s i b l e  i n  t h e  column e f f l u e n t ,  an average o f  3.15 
grams o f  c h l o r i n e ,  as C12, had reac ted  w i t h  each gram o f  carbon. It i s  
i n t e r e s t i n g  t o  no te  t h a t  i n  t h e  case o f  t h e  60 x  80 mesh carbon packed bed 
exper iment  shown i n  F i g u r e  4.9, brown c o l o r  was observed i n  t h e  e f f l u e n t  
a f t e r  275 hours which i s  r a t h e r  c l o s e  t o  t h e  288 hours  r e q u i r e d  f o r  c o l o r  
emergence i n  t h i  s  exper iment.  Using t h e  cons tan t  c o n c e n t r a t i o n  ba tch  r e -  
a c t o r  model, i t  was p r e d i c t e d  t h a t  3.605 g  o f  f r e e  c h l o r i n e ,  as C12, would 
have reac ted  w i t h  a  gram o f  carbon l o c a t e d  a t  t h e  en t rance  o f  t h e  column 
i f  i t  were assumed t h a t  bo th  i n f l u e n t  c o n c e n t r a t i o n  and pH were h e l d  con- 
s t a n t  a t  20 mg/R and 4.0. 
When t h e  r e s u l t s  o f  t h i s  exper iment  were compared t o  t h e  o t h e r  
pH 4, 60 x  80 mesh carbon column exper iment  shown i n  F i g u r e  4.9, i t  was 
found t h a t  j u s t  p r i o r  t o  t h e  emergence o f  brown c o l o r  i n  t he  e f f l u e n t ,  t h e  
amount o f  c h l o r i n e  reac ted  per  gram o f  carbon l o c a t e d  a t  t he  mouth of t h e  
bed was a lmost  t h e  same. However, t he  average amount o f  c h l o r i n e  reac ted  
pe r  gram o f  carbon i n  t h e  bed was much lower  due t o  t h e  f a c t  t h a t  t h e  car -  
bon column used f o r  t h e  r e s u l t s  shown i n  F igu re  4.11 was about  t w i c e  as 
l ong  as t h e  one used i n  t h e  exper iment shown i n  F igu re  4.9. Based on t h i s  
observa t ion ,  i t  cou ld  be s t a t e d  t h a t  more e f f i c i e n t  use o f  t he  carbon i s  
a t t a i n e d  by r e s o r t i n g  t o  s h o r t e r  carbon columns. 
Th i s  colurrln exper inlent was c o r ~ t i n u e d  a f t e r  brown c o l o r  was ob- 
served i n  t h e  e f f l u e n t .  As t h e  experirrlent proceeded, t h e  c o l o r  i n  t h e  ef- 
f l u e n t  t u rned  t o  b l a c k  and became rrluch more i n t e n s e  as t h e  carbon i n  t h e  
bed s t a r t e d  t o  f ragment and leave  t h e  bed i n  t h e  e f f l u e n t .  A f t e r  about 360 
hours, t h e  exper iment was stopped a f t e r  a  h i g h  head l o s s  developed i n  t h e  
bed. 
Using t h e  a l g e b r a i c  f i t ,  R(X,C), developed f o r  t h e  60 x  80 mesh 
carbon, pH 4, and 23°C column experiment i n  F igu re  4.9, an a x i a l  d i s p e r s i o n  . 
2  c o e f f i c i e n t ,  DA o f  1  cm /min and a  bed p o r o s i t y ,  E, o f  0.43, t h e  packed bed 
model was so lved t o  p r e d i c t  t h e  breakthrough curve  assuming an i n f l u e n t  con- 
c e n t r a t i o n  o f  20 rng/R. The p r e d i c t e d  curve  i s  shown as a  cont inuous l i n e  
i n  F igu re  4.11. A  r a t h e r  good c o r r e l a t i o n  between t h e  p r e d i c t e d  curve and 
t h e  da ta  was ob ta ined  cons ide r i ng  t h e  crude manner i n  which t h i s  expe r i -  
rr~ent was c a r r i e d  ou t .  Note t h a t  beyond 288 hours, c o l o r  was observed i n  
t h e  e f f l u e n t  and e v e n t u a l l y  carbon f i n e s  began appear ing i n  t h e  e f f l u e n t .  
Beyond t h i s  p o i n t ,  t h e  rrlodel i s  n o t  expected t o  p r e d i c t  t h e  e f f l u e n t  qua l -  
i t y  as i t  does n o t  account f o r  carbon f i n e s  l e a v i n g  t h e  bed. As can be 
seen f rom F igu re  4.11, t h e  p r e d i c t e d  va lues a r e  much 1  ower than t h e  expe r i -  
mental da ta  i n  t h i s  range. 
C. Experiments a t  pH 10.0 and 23°C 
HOCl i s  a  weak a c i d  w i t h  a  pKa o f  7.6 a t  23"C:(Morris, 1968) and, 
acco rd ing l y ,  a t  pH va lues above 7.6, OC1- i s  t he  predominant species of f r e e  
c h l o r i n e .  I n  o rde r  t o  determine how t h i s  spec ies r e a c t s  w i t h  carbon, ex- 
per iments  were c a r r i e d  o u t  a t  a  pH o f  10.0. 
1. Batch S tud ies  
Three c losed  ba tch  r e a c t o r  exper iments were c a r r i e d  o u t  a t  pH 
10.0 and 23°C and t h e  r e s u l t s  a r e  shown i n  F igu re  4.12. I n  t h i s  case, 4.21 
g  NaHC03 and 0.53 g  Na2C03 were added pe r  l i t e r  o f  s o l u t i o n  t o  min imize pH 
changes owing t o  e n t r y  o f  C02 i n t o  t h e  s o l u t i o n  f rom the  atmosphere. I n  
a l l  t h r e e  exper iments 20 mg/R o f  60 x 80 mesh a c t i v a t e d  carbon were added. 
I n i t i a l  f r e e  c h l o r i n e  concent ra t ions  were 37.0, 28.6 and 13.6 mg/R. 
The d i f f u s i o n  c o e f f i c i e n t ,  Dc, f o r  OC1- was assumed t o  be t h e  
2  same as t h a t  used f o r  HOC1, namely 6  x  l o m 4  cm /min. For a  va lue  of  L 
P  
equal t o  0.0035 cm, corresponding t o  60 x  80 mesh carbon, t h e  c losed  ba tch  
model was so lved  t o  p r e d i c t  t he  concen t ra t i on  l e v e l s  i n  t h e  r e a c t o r  as a  
f unc t i on  o f  t ime. The va lues of t h e  model cons tan ts  f o r  t h i s  case were 
found t o  be 0.0018, 0.000017, 0.684, 380 and 0.0000134 min-' f o r  SIT, kg, 
kg. klO, and kd, r e s p e c t i v e l y ,  and t h e  r e s u l t s  a r e  shown i n  F igu re  4.12. 
As i s  obv ious from F igu re  4.12, a  r a t h e r  good p r e d i c t i o n  was ob ta ined  f o r  
t he  t h r e e  concen t ra t i on  vs. t ime  curves. The va lues  o f  k8 and kI0 were 
Chlorine Concentrat ion, r q / l  
n o t  changed f rom those used t o  desc r i be  t h e  pH 4, 23°C data.  I t  i s  poss i -  
b l e ,  however, t h a t  an e q u a l l y  good f i t  cou ld  have been ob ta ined  i f  a l l  f ou r  
cons tan ts ,  SIT, kg, kg and k  had va lues  o t h e r  t han  w'ere used f o r  t he  pH 10' 
4, 23°C data.  
2. Packed Bed S tud ies  
The da ta  shown i n  F i gu re  4.13 rep resen t  a  breakthrough curve  f o r  
a  packed bed exper iment  w i t h  an i n f l u e n t  pH o f  10.0. The i n f l u e n t  concen- 
t r a t i o n ,  temperature,  and f low r a t e  were 20 mg/R, 23OC and 32.78 cc lm in  
2  (4.26 gpm/f t  ), r e s p e c t i v e l y .  The carbon, 2.35 grarns o f  60 x  80 mesh, was 
packed i n  a  1.55 cm i n t e r n a l  d iamete r  column. The l e n g t h  o f  t h e  carbon 
p o r t i o n  o f  t h e  bed, Lb, was 2.6 cm and t h e  p o r o s i t y  was aga in  assumed t o  be 
0.43. The e f f l u e n t  pH remained a t  10.0 w i t h  no n o t i c e a b l e  v a r i a t i o n  d u r i n g  
t h e  run. The exper iment  was stopped a f t e r  250 hours p r i o r  t o  t h e  appearance 
of brown c o l o r .  
Using t h e  va lues  f o r  t h e  cons tan t s  ob ta ined  f rom t h e  ba tch  da ta  
a t  pH 10.0, t h e  a l g e b r a i c  express ion,  R(X,C), was ob ta ined .  Using t h i s  
2  
express ion  and an a x i a l  d i s p e r s i o n  c o e f f i c i e n t  o f  1  cm /min, t h e  packed 
bed model was solved; t h e  p r e d i c t e d  breakthrough curve  i s  shown as a  con- 
t i n u o u s  l i n e  i n  F i g u r e  4.13. I n  t h i s  case t h e  q u a l i t y  o f  t h e  p r e d i c t i o n  i s  
n o t  q u i t e  as good as was observed a t  p ~ . 4 .  0, b u t  i t  i s  cons idered s a t i s -  
f a c t o r y  f o r  most purposes. 
D. Exper iments a t  pH 7.6 and 23' 
The pK o f  t h e  HOCl i s  7.6 a t  23°C (Mo r r i s ,  1968).  The s o l u t i o n  
a  
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E. Temperature E f f e c t  S tud ies  a t  pH 4.0 and 10.0 
Temperature i s  expected t o  a f f e c t  bo th  t h e  d i f f u s i v i t y  and t h e  
r e a c t i o n  r a t e  constants .  The e f f e c t  o f  temperature on d i f f u s i v i t y  i n  a  pore  
was assumed t o  be s i m i l a r  t o  t h a t  i n  f r e e  s o l b t i o n .  The express ion  used f o r  
p r e d i c t i n g  t h e  e f f e c t  o f  temperature on Dc was (Fog le r ,  1974) 
where LI i s  t h e  v i s c o s i t y ,  MIL-T, and T i s  t h e  abso lu te  temperature,  O K .  
Two c losed  ba tch  exper iments were r u n  a t  pH 10.0 and 35°C as 
shown i n  F igu re  4.16. The i n i t i a l  f r e e  c h l o r i n e  concen t ra t i ons  were 38.1 
and 24.8 mg/R. Two o t h e r  exper iments were c a r r i e d  o u t  a t  t h e  same pH b u t  
a t  a  temperature o f  2°C as shown i n  F igu re  4.17. I n  t h i s  case t h e  i n i t i a l  
f r e e  c h l o r i n e  concen t ra t i ons  were 39.3 and 24.4 mg/R. A l l  f o u r  exper iments 
were performed w i t h  20 mg/R o f  60 x  80 mesh carbon. 
The v i s c o s i t y  of water  a t  2"C, 23°C and 35°C i s  1.6728, 0.9358 
and 0.7225 cen t i po i ses ,  r e s p e c t i v e l y  (Per ry ,  1950). Using these va lues and 
2 a base va lue  f o r  Dc of 6  x  1  o - ~  cm /,in a t  23"C, t h e  va lues  o f  Dc were c a l -  
cu la ted ,  u s i n g  Equat ion 4.2, t o  be 3.12 x  l ~ - ~  and 8.04 x  l o m 4  cm2/min a t  
2°C and 35"C, r e s p e c t i v e l y .  The c losed  ba t ch  model was so lved  t o  p r e d i c t  
t he  c o n c e n t r a t i o n  l e v e l s  and t o  determine t h e  rema in ing  cons tan ts ;  a  r a t h e r  
good f i t  was ob ta ined  f o r  SIT and kg va lues o f  0.0009 and 0.342 a t  Z°C, 
and 0.00267 and 1.0157 a t  35"C, r e s p e c t i v e l y .  The va lues  o f  k8 and k10 
were t h e  same as f o r  t h e  pH 4.0 and 10.0 s t u d i e s  a t  23°C. The f i r s t  o rde r  
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r a t e  o f  decay constant,  kd, was found t o  be e s s e n t i a l l y  t h e  same, 0.0000134 
min'l, f o r  the  th ree  d i f f e r e n t  temperatures a t  pH 10.0. 
Two o the r  c losed batch experiments were c a r r i e d  o u t  a t  pH 4.0 and 
a  temperature o f  35°C. I n  the  f i r s t  experiment 20 mg/R o f  60 x  80 mesh ca r -  
bon was used and the  i n i t i a l  f r e e  c h l o r i n e  concent ra t ion  was 37.8 mg/R. The 
r e s u l t s  a re  shown i n  F igure  4.18. Only 10 mg/R o f  60 x  80 mesh carbon was 
used i n  the  second experiment shown i n  F igure  4.19; the  i n i t i a l  f r e e  c h l o r i n e  
concen t ra t i on  was 27.3 mg/R. The r a t e  o f  decay a t  pH 4.0 and 35°C was found 
t o  be h igher  than t h a t  a t  23OC a t  t he  same pH; kd was evaluated t o  be 
0.00003 min- I  i n  t h i s  case. 
A good f i t  o f  t he  data was obta ined when the  f i n i t e  batch model 
was solved f o r  values o f  SIT and kg o f  0.01039 and 3.947, respec t i ve l y ,  as 
i s  apparent i n  Figures 4.18 and 4.19. I n  t h i s  case a lso ,  t he  values o f  k8 
and k10 were the  same as a t  23OC. 
SIT and kg cannot be regarded as sur face  r e a c t i o n  r a t e  constants 
2  because they  both i nc lude  the  term L /D . Consequently, i n  o rder  t o  s tudy P c  
t he  e f f e c t  o f  temperature on the  sur face  r e a c t i o n  r a t e  SST and k7 are the  
proper terms t o  be analyzed. F igure 4.20 shows an Arrhenius p l o t  o f  t he  
temperature data, loglO SST _vl. 1/T. The th ree  values o f  SST a v a i l a b l e  a t  
pH 10.0 f a l l  on a  s t r a i g h t  l i n e ,  and the  two values o f  SST a t  pH 4.0 form 
a  l i n e  p a r a l l e l  t o  t he  prev ious one. Based on these l i m i t e d  data, the  a c t i -  
v a t i o n  energy f o r  k3, the  o n l y  r a t e  cons tan t  which i s  p a r t  o f  SST, can be 
c a l c u l a t e d  t o  be 5.3 kca l .  The constant,  kg, con ta ins  the  adsorp t ion-  
desorp t ion  e q u i l i b r i u m  constant ,  k4, and i t  l i k e l y  v a r i e s  w i t h  temperature. 
I n  t h i s  study, however, i t  was assumed t h a t  k8 and k10 d i d  n o t  vary  w i t h  

Chlorine Concentration, m g / \ 
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The dimensionless r a t e  constants ,  SIT and k  used i n  t h e  numeri- 9  ' 
c a l  s o l u t i o n  o f  t h e  two ba tch  models can be ob ta ined  f rom the  va lues o f  SST 
and kg g i ven  by Equat ions 4.3 and 4.4 u s i n g  t he  f o l l o w i n g  two equat ions,  
5  2  5 . 2 7 2 ~  10 x p ~ x  L x S S T  
SIT = 
and 9  = SIT x  380 4.7 
where p- i s  t he  abso lu te  v i s c o s i t y  a t  temperature 7, c e n t i p o i  ses, and L T  P  
i s  t he  pore h a l f  l eng th ,  crn. Because k8 and k  were cons tan t  a t  0.000017 10 
and 380, r e s p e c t i v e l y ,  Equat ions 4.3-4.7 can be used t o  c a l c u l a t e  t h e  r e -  
main ing parameters necessary f o r  d e s c r i b i n g  t he  performance o f  c losed  and 
cons tan t  concen t ra t i on  ba tch  r e a c t o r s  as w e l l  as packed bed columns us ing  
F i l t r a s o r b  400 carbon. 
8 3 
V. CONCLUSIONS AN13 RECOMIYENDATIONS 
A. Conclusions 
1. Batch exper imenta l  da ta  can be used t o  p r o v i d e  t he  i n f o r m a t i o n  
necessary f o r  t h e  des ign o f  packed bed a c t i v a t e d  carbon d e c h l o r i n a t i o n  r e -  
ac to r s .  I n  t h i s  s tudy  t h e  sur face  r e a c t i o n  r a t e  cons tan ts  appear ing i n  t h e  
pore d i f f u s i o n  model were evaluated f rom batch exper imenta l  data.  These 
cons tan ts  were then s u c c e s s f u l l y  used t o  p r e d i c t  packed bed column behavior .  
2. I n  t h i s  s tudy  an a l g e b r a i c  r a t e  express ion,  R(X,C), was used 
t o  simp1 i f y  t h e  packed bed r e a c t o r  mathematical  model by e l i m i n a t i n g  t h e  
dimension a l ong  t h e  carbon pore f rom the  model. Th i s  r a t e  express ion  was 
ob ta ined  by a l g e b r a i c a l l y  f i t t i n g  cons tan t  concen t ra t i on  ba tch  r e a c t o r  r a t e  
da ta  vs. X; t h e  amount o f  c h l o r i n e  reac ted  pe r  u n i t  we igh t  o f  carbon. The 
use o f  such an express ion was p o s s i b l e  because t h e  two ba tch  models p r e d i c t e d  
t h a t ,  f o r  f i x e d  pH, temperature and p a r t i c l e  s ize ,  t he  r a t e  o f  c h l o r i n e  r e -  
moval was a  f u n c t i o n  o f  o n l y  t h e  b u l k  concen t ra t i on  and t h e  amount o f  
c h l o r i n e  a1 ready reac ted  w i t h  t h e  carbon. 
3 .  Pore d i f f u s i o n  was found t o  be v e r y  impor tan t ,  e s p e c i a l l y  
when t h e  carbon was r e l a t i v e l y  f r esh .  As t he  e x t e n t  o f  r e a c t i o n  increased,  
t h e  su r f ace  r e a c t i o n  became t h e  r a t e  c o n t r o l l i n g  s tep  as was shown i n  t h e  
case o f  t h e  60 x  80 and 45 x  50 mesh carbon CCBR experiments.  
4. The r a t e  o f  c h l o r i n e  removal was found t o  be ve ry  s e n s i t i v e  
t o  p a r t i c l e  s ize ,  decreas ing w i th  i n c r e a s i n g  g ranu le  d iameter .  T h i s  i s  a  
d i r e c t  consequence t o  t h e  irrlportance o f  pore  d i f f u s i o r l  as a  r a t e  c o n t r o l l i n g  
mechanism e s p e c i a l l y  f o r  low va lues o f  X. The mathematical  model was 
s u c c e s s f u l l y  used t o  p r e d i c t  p a r t i c l e  s i z e  e f f e c t s  f o r  b o t h  ba tch  and packed 
bed reac to r s .  
5. An a n a l y s i s  o f  t h e  da ta  showed t h a t  t h e  r e a c t i o n  r a t e  ap- 
proaches zero  assy rnp to t i ca l l y ,  r a t h e r  t han  a  s teady s t a t e  va l ue  as has been 
r e p o r t e d  by Magee (1  956). I n  terrns o f  t h e  parameters used i n  t h i s '  model i t  
was found t h a t  kg/k10 was equal t o  S IT  which means t h a t  as t h e  amount o f  
c h l o r i n e  r eac ted  p e r  gram o f  carbon inc reases ,  t h e  su r f ace  r e a c t i o n  te rm 
approaches zero.  
6. The pH was obse rved . t o  i n f l u e n c e  t h e  r e a c t i o n  r a t e  o n l y  as 
f a r  as i t  a f f e c t s  t h e  d i s t r i b u t i o n  o f  f r e e  c h l o r i n e  between HOCl and 0 ~ 1 ~ .  
Th i s  f i n d i n g  made i t  p o s s i b l e  t o  use r e a c t i o n  r a t e  cons tan t s  ob ta i ned  sep- 
a r a t e l y  f o r  HOCl and 0 ~ 1 -  t o  a r r i v e  a t  t h e  r a t e  cons tan t s  a p p l i c a b l e  t o  
m i x t u r e s  o f  t h e  two f r e e  c h l o r i n e  spec ies.  
7. The e f f e c t  o f  temperature on t h e  su r f ace  d i s s o c i a t i o n  r a t e  
cons tan t ,  k  was found t o  f o l l o w  t h e  Ar rhen ius  model. Based on l i m i t e d  3 ' 
data,  t h e  a c t i v a t i o n  energy f o r  k j  was found t o  be 5.3 kca l  f o r  bo th  H O C l  
and OC1-. 
8. Brown c o l o r  was observed i n  s o l u t i o n  a f t e r  e x t e n s i v e  ox ida-  
t i o n  o f  t h e  carbon. The emergence o f  t h e  brown c o l o r  was observed i n  bo th  
cons tan t  c o n c e n t r a t i o n  ba tch  and i n  packed bed exper iments .  L i t t l e  i n f o r -  
mat ion  was ob ta ined  on t h e  emergence o f  t h e  brown c o l o r ,  b u t  based on t he  
l i m i t e d  d a t a  a v a i l a b l e ,  between 2.8 t o  4.2 grams o f  c h l o r i n e  had t o  r e a c t  
w i t h  a  gram o f  carbon be fo re  t h e  c o l o r  was v i s i b l e .  
9. L i t t l e ,  if any, m i x i n g  occur red  i n  t h e  packed bed r e a c t o r  
exper iments  c a r r i e d  o u t  i n  t h i s  s tudy.  T h i s  was shown by t h e  a lmost  
i d e n t i c a l  r e s u l t s  ob ta ined  f rom s o l v i n g  t h e  packed bed model w i t h  t h e  a x i a l  
2 d i s p e r s i o n  c o e f f i c i e n t ,  DAY equal t o  1  cm /min and w i t h  DA equal t o  zero. 
However, a x i a l  d i s p e r s i o n  may prove t o  be impo r tan t  when packed bed d e c l o r i -  
n a t i o n  r e a c t o r s  a r e  r u n  under c o n d i t i o n s  o t h e r  than  those s tud ied  here. 
B. Engineer ing S i g n i f i c a n c e  
1. The p a r t i c l e  s i z e  o f  t h e  carbon used i n  a  packed bed r e a c t o r  
has an impo r tan t  i n f l u e n c e  on t h e  behavior  o f  a c t i v a t e d  carbon dech lo r i na -  
t i o n  reac to r s .  Because t h e  r a t e  o f  c h l o r i n e  removal inc reases  w i t h  de- 
c reas ing  p a r t i c l e  s ize ,  s h o r t e r  columns c o u l d  be used t o  ach ieve a  g i ven  r e -  
moval e f f i c i e n c y  when sma l l e r  carbon g ranu les  a r e  used. Th is  advantage 
should be balanced, however, aga ins t  t h e  inc reased  c o s t  o f  o b t a i n i n g  g ranu la r  
carbon smal l  e r  than  t h a t  ava i  lab1  e  commercial l y  and t h e  inc reased  head 1  oss 
t h a t  accorr~panies such a  decrease i n  carbon s i ze .  
2 .  The des ign  o f  a  d e c h l o r i n a t i o n  carbon column should take  bo th  
t h e  breakthrough e f f l u e n t  c h l o r i n e  concen t ra t i on  and t h e  appearance o f  
c o l o r  i n  t h e  e f f l u e n t  i n t o  cons ide ra t i on .  The carbon l o c a t e d  a t  t h e  mouth 
o f  t h e  packed bed i s  always exposed t o  t h e  h i ghes t  c h l o r i n e  concen t ra t i on  
i n  t h e  bed and, as a  r e s u l t ,  t he  e x t e n t  o f  r e a c t i o n  a t  t h e  mouth o f  t h e  bed 
w i l l  l i k e l y  determine when t h e  bed s t a r t s  p roduc ing  c o l o r .  I f  a  column i s  
t o o  long,  c o l o r  w i l l  appear i n  t h e  e f f l u e n t  p r i o r  t o  t h e  emergence o f  an 
undes i rab le  c h l o r i n e  concent ra t ion .  I n  such a  case, t h e  average amount o f  
c h l o r i n e  reac ted  pe r  grarrl o f  carbon may be much l e s s  than  t h e  amount t h a t  
has reac ted  w i t h  t h e  carbon l oca ted  a t  t h e  ent rance o f  t h e  packed bed. I n  
t h e  des ign  of a  d e c h l o r i n a t i o n  bed, i t  w i l l  be necessary t o  balance t h e  
c o s t  o f  more f r e q u e n t  replacement o f  sha l low beds w i t h  t h e  c o s t  o f  more i n e f -  
f i c i e n t  use o f  t h e  carbon when l onge r  beds a r e  employed. Th i s  aspect  r e -  
mains t o  be f u r t h e r  eva lua ted  however. 
C. F u r t h e r  Study 
1. The e f f e c t  o f  t h e  presence o f  o rgan i c  compounds on t he  r a t e  
o f  uptake o f  f r e e  c h l o r i n e  by a c t i v a t e d  carbon has n o t  been i n v e s t i g a t e d .  
T h i s  i s  a  v e r y  impo r tan t  parameter which i s  v e r y  d i f f i c u l t  t o  eva lua te  be- 
cause o f  t h e  wide v a r i a b i l i t y  o f  t he  t y p e  o f  o rgan i c  compounds p resen t  i n  
wa te r  and wastewater, and because o f  t he  p o s s i b i l i t y  t h a t  f r e e  c h l o r i n e  
may r e a c t  w i t h  sorrle o f  t h e  adsorbed and nonadsorbed organic.compounds. The 
model developed i n  t h i s  s t udy  should  thus  be used o n l y  as a  b a s e l i n e  i n  any 
des ign  c a l c u l a t i o n s ,  and a  f a c t o r  o f  s a f e t y  should  be used t o  p r o t e c t  a g a i n s t  
s h o r t  f i l t e r  r uns  owing t o  t h e  presence o f  o rgan i c  m a t t e r  and t h e  e n t r a i n -  
ment o f  p a r t i c u l a t e  m a t t e r  p resen t  i n  t h e  water  by t h e  carbon. F u r t h e r  r e -  
search i s  needed t o  e v a l u a t e  t h e  e f f e c t  o f  t h e  presence o f  o rgan i c   omp pounds . 
on t h e  process o f  d e c h l o r i n a t i o n  and t o  g i v e  g u i d e l i n e s  f o r  f a c t o r s  o f  s a f e t y  
t h a t  a r e  needed when d i f f e r e n t  k i nds  o f  wa te r  a r e  a p p l i e d  t o  t h e  carbon. 
2. Only one carbon was used i n  t h i s  s tudy.  Other  carbons have 
d i f f e r e n t  p u r i t y ,  s u r f a c e  a rea  and pore volume c h a r a c t e r i s t i c s  and t h e  e f -  
f e c t  o f  t h e  d i f f e r e n t  c h a r a c t e r i s t i c s  o f  o t h e r  carbons on t h e  r e a c t i o n  r a t e  
cons tan t s  remain t o  be eva lua ted .  
3. Commercial a c t i v a t e d  carbon i s  u s u a l l y  manufactured t o  i n c l u d e  
a  wide range o f  p a r t i c l e  s i zes .  Be fo re  a  carbon column i s  p u t  t o  use, i t  
i s  u s u a l l y  f l u i d i z e d  and then  a l lowed t o  s e t t l e d  by g r a v i t y .  Such a  procedure 
r e s u l t s  i n  a  s t r a t i f i e d  bed and t h e  des ign  o f  such a  bed should t ake  t h i s  
s i z e  s t r a t i f i c a t i o n  i n t o  account.  F u r t h e r  research  i s  needed t o  eva lua te  
1 t h e  performance o f  such beds when c h l o r i n a t e d  water  i s  a p p l i e d  t o  them e i t h e r  
i i n  t h e  downflow o r  t h e  up f l ow  mode. 
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APPENDIX A 
SOLUTIONS OF BATCH AND PACKED BED MODELS 
I n  t h i s  study, an i m p l i c i t  f i n i t e  d i f f e r e n c e  scheme was used t o  
so l ve  t h e  mathematical  models as descr ibed  by se t s  of n o n l i n e a r  p a r t i a l  
d i f f e r e n t i a l  equat ions.  T h i s  appendix con ta ins  t h e  f i n i t e  d i f f e r e n c e  equa- 
t i o n s  used and an o u t l i n e  o f  t h e  s o l u t i o n  procedures. 
1. Closed and Constant Concent ra t ion  Batch Reactors 
Equat ions 2.27, 2.28, 2.29, 2.30, 2.31 and 2.33 desc r i be  t he  
behavior  o f  a  c losed  ba tch  r e a c t o r .  The d i s t a n c e  v a r i a b l e  5 v a r i e s  between 
zero and one. Th i s  range was d i v i d e d  i n t o  N segments, t h e  leng th ,  Ar, o f  
each be ing  1/N. L e t  r des ignate t h e  p o s i t i o n  o f  each segment. Thus when r 
i s  zero, i t  p o i n t s  t o  t h e  mouth o f  t h e  pore and when i t  i s  N i t  r e f e r s  t o  
t he  h a l f  l e n g t h  o f  a  pore. 
A d imension less t ime  s tep  Aq, was a l s o  se lec ted .  L e t  q  stand f o r  . 
q  
a  p o s i t i o n  i n  t ime, then  t he  d imension less t ime  i s  g i ven  by qi. i = l  
The d i f f e r e n c e  equat ions se lec ted  t o  express t h e  d i f f e r e n t  
d e r i v a t i v e s  a re  
L e t  R r ep resen t  t he  nondimensional ized sur face  r a t e  express ion f o r  f ree  
c h l o r i n e  reduc t i on  
The su r f ace  r e a c t i o n  r a t e ,  R, eva lua ted  a t  t ime  s tep  q + 1 was expressed 
i n  terms o f  t he  r a t e  a t  t ime  s tep  q by 
S u b s t i t u t i n g  Equat ions A.1, A.2, A.3, A.4, A.5 and A.6 i n t o  t h e  c losed  ba tch  
mathematical  model, t h e  f o l l o w i n g  two d i f f e r e n c e  equat ions a r e  ob ta ined  
Equat ions A.7 and A.8 a r e  used t o  eva lua te  G and Q a t  p o s i t i o n  s tep  r and 
t ime  s tep  q + 1. The Equat ion A.7 when r equals  N i s  i d e n t i c a l  t o  Equat ion 
A.7 except  i n  t h i s  case, GrmlYqcl i s  equal t o  Grcl ,q+l because o f  t h e  sym- 
met ry  expressed by t h e  boundary c o n d i t i o n  i n  Equat ion 2.31. 
A t  t h e  mouth o f  t h e  pore, when r = 0, p roper  boundary c o n d i t i o n  i s  
g i ven  by 
Equat ion A.9 c o n s t i t u t e s  t h e  f i r s t  equa t ion  of t h e  s e t  g i ven  by Equat ion A.7. 
A t  t he  s t a r t  o f  t h e  s o l u t i o n ,  Q was s e t  t o  zero  f o r  a l l  va lues 
r,o 
o f  r. To o b t a i n  The i n i t i a l  d i s t r i b u t i o n  o f  G r y o ,  an approximate d i s t r i -  
b u t i o n  was ob ta ined  by s o l v i n g  Equat ion 2.30 assuming GPO t o  be much sma l l e r  
than k8. Th is  d i s t r i b u t i o n  was then  co r rec ted  by a repeated s o l u t i o n  of 
Equat ion A. 7  w i t h  Qr,q+l , aR Q r y q  and (-) s e t  t o  zero.  A f t e r  t h e  c o r r e c t  aQ r ,q 
i n i t i a l  d i s t r i b u t i o n  o f  G was obta ined,  t h e  model was then  so lved accord ing  
t o  t h e  f o l  1  owi ng procedure. 
( i  ) Equat ion A.8 was so lved f o r  QrYqcl by s e t t i n g  Gryq+l equal 
Gryq. 
( i  i ) The va lues  o f  QrYqcl ob ta ined  i n  s tep  ( i  ) were then used i n  
s o l v i n g  Equat ion A.7 f o r  GrYqcl. 
( i i i )  The va lues o f  Gr,q+l ob ta ined  i n  s tep  ( i i )  were then used t o  
r e c a l  c u l  a t e  Q r ,q+ l  ' 
( i v )  The va lues  of Qr,q+l ob ta ined  i n  s tep  ( i i i  ) were then  used 
t o  r e c a l c u l a t e  Gr,q+l. 
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The above scheme was repeated u n t i l  convergence was achieved. I n  
t h i s  study, however, i t  was found t h a t ,  i f  s u f f i c i e r ~ t l y  smal l  t ime steps, 
Aq were employed, two i t e r a t i o n s  were s u f f i c i e n t  t o  achieve good convergence. 
The reason f o r  t h i s  begin t h e  slow change i n  t h e  p r o f i l e  o f  G. 
The s o l u t i o n  o f  t h e  CCBR model was e x a c t l y  t h e  sarne as t h e  one 
o u t l i n e d  above except,  i n  t h i s  case, G i s  always equal t o  one and conse- 
O Y ~  
q u e n t l y  Equat ion A.9 i s  de le ted .  
2. Packed Bed Column Reactor w i t h  A x i a l  D i spe rs i on  
Equat ions 2.49, 2.50, 2.51, 2.52, 2.53 and 2.54 desc r i be  t h e  be- 
h a v i o r  o f  a  packed bed column r e a c t o r  w i t h  a x i a l  d i spe rs i on .  The d i s tance  
v a r i a b l e  a v a r i e s  between zero and one. Th is  range was d i v i d e d  i n t o  M seg- 
ments, t h e  l e n g t h  Ah o f  each be ing 1/M. L e t  h  des ignate t h e  p o s i t i o n  o f  
each segment. Thus when h  i s  zero,  i t  p o i n t s  t o  t h e  ent rance o f  t h e  carbon 
bed and when i t  i s  equal t o  M y  i t  r e f e r s  t o  t h e  e x i t  o f  t h e  bed. 
A  dirnensionless t ime s tep  Ap was a l s o  se lected.  L e t  p  r ep resen t  
D 
a p o s i t i o n  i n  tirne, t h e  d imension less t ime i s  g i ven  by npi. 
i = l  
The d i f f e r e n t  equat ions se lec ted  t o  represen t  t h e  d i f f e r e n t  
d e r i v a t i v e s  a r e  
S i m i l a r l y  t he  r a t e  o f  c h l o r i n e  reduc t ion ,  R(X,F), a t  t ime step p  + 1  was 
expressed i n  terms o f  the  r a t e  a t  t ime step p  by 
I 
S u b s t i t u t i n g  Equations A.10, A.11, A.12, A.13 and A.14 i n t o  t he  packed bed 
mathematical model, the  f o l l o w i n g  two d i f f e r e n c e  equat ions were obta ined I 
1 
Equat ions A.15 and A.16 were used t o  eva lua te  F and X a t  p o s i t i o n  
h  and t ime  p  + 1. The equat ion  f o r  h  equal t o  M i s  i d e n t i c a l  t o  Equat ion 
A.15 except,  i n  t h i s  case, Fh-l,p+l i s  equal t o  Fh+l ,p+l. Th i s  i s  because 
o f  t h e  boundary cond i t i on ,  a t  t he  end o f  t h e  r e a c t o r ,  g iven  by Equat ion 2.54. 
A t  t h e  en t rance  o f  t h e  bed, t he  boundary c o n d i t i o n  g i ven  by Equat ion 2.53 
c o n t r i b u t e s  t h e  f i r s t  equa t ion  t o  t h e  s e t  o f  equa t ions  descr ibed  by Equa- 
t i o n  A.15. Th i s  equa t ion  i s  
(Ah Pe + 1 )  Fo,p+l - ,p+l = Ah Pe A. 17 
A t  t h e  s t a r t  o f  t h e  s o l u t i o n ,  X was s e t  equal t o  zero  f o r  a l l  h,o 
va lues o f  h. To o b t a i n  an i n i t i a l  d i s t r i b u t i o n  o f  Fh,o, t h e  a x i a l  d i s p e r -  
s i o n  te rm i n  Equat ion 2.49 was dropped and t he  remain ing equat ion  was 
so lved by 
I n  t h e a b o v e F  i s s e t a t o n e .  
0 ,o 
Once t h e  i n i t i a l  va lues o f  F  and X were de f ined ,  t he  f i n i t e  h  ,o h,o 
d i f f e r e n c e  equat ions were so lved i n  a  manner i d e n t i c a l  t o  t h a t  descr ibed  
p r e v i o u s l y  f o r  t he  CCBR model. 
3. P lug  Flow Packed Bed Reactor 
Equat ions 2.55, 2.56, 2.57, 2.58 and 2.59 desc r i be  t h e  behavior  
o f  a  p l u g  f l o w  packed bed r e a c t o r .  D e f i n i n g  y t o  be equal t o  T - a and 
u s i n g  t he  method o f  c h a r a c t e r i s t i c s ,  t he  system i s  
As was done i n  t he  case o f  t h e  packed bed r e a c t o r  w i t h  a x i a l  d i s -  
pers ion ,  t h e  d i s tance  v a r i a b l e  a was subdiv ided i n t o  M equal segments, t h e  
leng th ,  Ah, o f  each be ing  1/M. Here a l s o  h  was used t o  des igna te  t he  pos i -  
t i o n  o f  a  segment. 
A  d imension less t ime  s tep  w was a l s o  se lec ted .  L e t  w  represen t  
W 
a  p o s i t i o n  i n  t h e  y dimension, then y i s  g i ven  by 1 Aw i  The Runge- 
i = l  
K u t t a - G i l l  method (Lapidus, 1962) was used t o  so l ve  t h e  p l u g  f l o w  mathemati- 
c a l  model g iven  by Equat ions A.19 and A.20. 
Q31VNIW831 SI WVU30Hd 3HP 3kl3HH Sd31SN klOd 03Il3LNfl03N3 
SI 0837 30 3fl7VA W 711Nfl 831Vqd3H SI SlHl 
'YO N3Hl ONV Sd3PSN dO 3fl7VA M3N V SOV3Y WVH3OHd 
3Hl N011fl70S 3Hl -SO SMOIlfl33X3 Sc93BSN W31-fV 
(BTmOIJ)PVW~Od 73QOW NI SV = 0lN 
(OloBZd%lVW80J 1300W NI SV = 6N 
BQIm6Z3BPVWt10S 130OW N1 SV = 8N 
fO$*BZdllVWkfOJ 1300W MI SV = 1IS 
(OTeOZdBIVHHOJ d31S 3WH1 SS37NOISN3HICl = MU 
fBTm0ZJ) 1WNYOJ 
1/9# H013V38 MI N098V4 dO NOIdVNlM33N03 = NOWYV3 
(0I"OZJPIWWkJOd W3 HIOM37 4lVH 380d = 1X 
(Of '0Zd!lVW'e10d N%W/Zs~ld3 lN313BJd303 AlIAISf7JJIO = VO 
dOBmOZ3)IVk18B3 H3/33 3bJfllOA 3HOd = AdX 
(07 "OZd) IVWYOJ 7B9H NOlIVHlN34YO4 Y7n8 = 03 
QOPIllVW8OJ SlN3W3H3MI YO XNJI 
AH3A3 G31NHHd 01 NOllfl70S 3HI &9VlJ 1NIkId W = XNI I 
(01 I IlVHIJOJ 
o~~nmx3 38 nl sdgns awl do mawn~ = S~~ASM 
BOX I IBVWHOJ 3806 JlVH NI SlM3W93S 40 kl38WflN = N 
na-f~m = ~K)B 
3flNIlM03 41 
(H8Q*(Z+*HO)*YO+(Z**HO)+)IOscZ)- = FI)V 
(I13*( (Z**HO)+d8Q*fZ**HCl )*YOl-d8*(Z+*HO) = (I 10 
(QY+OdX~f1)3)/(1)3*11S = YU 
i28*t8Y+OdX*f1)3))/0Y*lIS = kIUO 
Nbl=I 41 OQ 
OZ'1 = r 91 00 
Y€i*'Z=( JNllQ 
3nNIlN03 6 
YO=( I )lV 
UO=I lnv 
~N~T=I 6 oa 
I-N = JN 
N/'1 = HQ 
3flNILN03 ZI 
( IX*Wl)HS03Q+( IX4Wl?HNISQ*( bJ1)HNVlO- = ()I13 
NsHO = IX 
N'I = x ZI oa 
~8Y/11SlIHOSO = HI 
I-N = IN 
03*AdX = OdX 
HlflOW 3HOd LV NOIlVdlN33N03 SS3lNOISN3MIQ 3Hl SI OdX 3 
100000'0*03 = 03 
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/(((I 1H~OdX~OlY+'T~/(l)H*OdX*b)I-lIS1~(119 = (I Id 
NN'T = 15, 00 
Sd31SN.T = ff OZ OQ ET 
I - XNIl = 111 
(/'rNIW-l/3W 3AVklr'XS'rW9/H3 '33He1WVnT 
'X+'rW3/W3 'W~~I'~WVI'X~~INIW 3W11srX9'//flVWY04 TZ 
(TZb9)3AIHM 
'0 = W3dldV 
-0 = HI1 
COT'OZj'r = 01X r'01'07d'r = bYr'X11: 
'/'OT'OZ~'r = 83 rbOI'OZj'r = lISrrXZ6 
b/rO1*OZdr~SI d31S 3WIl 3HlrbXZQ 
'/'Ol'OZd'tSI d31S 33NVlSlO 3Hlr'XZL 
'//W rrOIeOZ~'rSI NOllQYlN33N03 NO0dV3 3Hlr'XZ9 
'/'IH~ r'0Ta0Z3'tS1 H13N31 380d 3Hlr'XZG 
'/'tNIW/Z**W3 1'01'023' 0 SI AlIAISflJJIO 3Hlo 'XZ3 
'/'rWVtI3/33 rrOT'OZdr I SI 3WfllOA 3dOd 3Hl I 'XZE 
'/r0T'023€ 
'rS1 HlflOW 28Od IV NOIlWkIlN33N03 SS3lNOISN3WIO 3Hlrl 
'XZ'/'t33/Sh'Vd3 rZ 
'01'073'1 SI NOIlVll~N33N03 Ylnfl 3Hl0'XZ'/~011 I 
r SI 3d0d V3d SlN3H33S JO ll3QWflN ~HII'XZ~IVW~OJ OT




'0 = tI1H 
NNbT= I E 00 
3'LIOd JO ON3 01 SH333tl N '380d dO HlnClW 01 S'H333Y NN 3 
N/'1 = HO 
"I: = (NN113 
'I = (NN13 
1+N = NN 
n04'Z = (T-N)lV 
>a = (I-NInv 
3flNIlN03 8 
na = 4117v 
no = (11flV 
IN'T = I 8 OB 
(I/' rNIW-lI9WrT 




/N00~V3*0dX~VQ~('€-IT13~'3+~ZICJ-1 = 31VY 
3nNILN03 L1 
(Y113 = 0113 




€1 01 03 
YCIe'Z = 1T-Nl7V 
na = rl-~~nv 
3flluI1N03 42 
YO = fI)lV 
Ma = cr~nw 
lNbl = I SZ 00 
Y0(ZbG10V3ki 
31 01 03 (0'83'Sd31SNlJI 
Sd31SNI T6S)0V3H 
3nNBlN03 OZ 
0 = 111 
~~V~~~~YWV~W~~W~~WII~OST~~I~IIZJ~ 
OZ 01 03 (XNII'3NoIIIIzJI 
I+ 111 = 1x1 
V0/tZ+*lX~+UO + HI1 = Wll 
N/OdX#33liWV = 33liWV 
3flNI1N03 11 
( IlH + 33YWV = 33YWV 
SNbT = 1 TP 00 
1-N = SN 
'Z/((NIH + (NNIH) = 33aWV 
(N08~V3*VO)/(Z**lX)*YO831Vli+W3~HV = W38WV 
((Z#*lXI*H04'ZIT 
/N0flllV3*OdX*VO*( tNNlTLSrt'E - (T )19*'3 + CZ119-9= 31PX 
3nNllN03 & 
(11T3 = 1113 
fI11H = tI)H 
AIN'T = i L oa 
waIu 17~3 
3nNIINO3 9 
(IlHya*(I)1H*(z**nal*na + c110 = crfe 
~(I)H8a*X~-'1l/(~IlH+1 
IHH-I9-I13IIdO+lY0 = (HITH 
tIfHYO*(I)TH*(Z8*H09*YCI - (IIW = (I1B 
NbT = I 9 00 
YIUIlii 37v3 
(NN13*YO-(118 = (1 Ffl 
3flNllM03 4 
C ((1 IH-4 IllH)*( I)HklO*YOl 
+ (1 )3* ('T+( I)9d0*Y0)-(1 lef*Xa)*(Z~~HU) = (1 18 
((199li0*(Z**HaI*Y0+(Zt1bHrl)+)1a~'Z)- = CI)V 
N'T = I 5 00 
3flNIIN03 3 
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031VNIWY31 SI WV890lid 3Hl 3d3HM Sd31SN HO4 d3li3lNn03N3 3 
SI 0831 -30 3flIVA V 7IINn 03hVqdEIk4 SI SIHL 3 
"#a N3Hl QNV Sd31SN 30 3fllVA M3N V SOV38 WV830kid 3 
3Hl NOHln7OS 3Hl 38 SNOIlfi33X3 Sd31SN 8313V 3 
~OT'OZJlbVHklOJ NIW/K 33NV2iV3ddVSIO 3 
3NIMQlH3 803 bNVlSN03 31VY l430t!O lSHIj = dIUS 3 
001*OZJ)lVW8OJ 1380W NI SV = OTX 3 
(O~*OZJ?IVW~!OJ 130OW NI SV = 6Y 3 
COPmOZd)lVWUOJ 13QOW MI SV = 8Y 3 
dOImOZJ)lVWklOJ 13BOW NI SV = IIS 3 
BO'BIeO/J BIVWklO4 d31S 3WII SS37N011SN3G-J 10 = )10 3 
IO~'O?'J~IVW~O~ 3 
1/9W 8013V38 NP NOWWY3 40 NOIlVHBN34NQ3 = M08HV3 3 
(OTeOZ4lIVWklOJ W3 H13N3-i JlVH 380d = 7X 3 
(O?'OZJBIVWHO3 NIW/Zs*N3 lN3I41J3304 AlIAISnjdIQ = VO 3 
(OKeOZJ)%VWdQd W3/34 3WlllOA 3Y0d = AdX 3 
CQP'OZJ IIVWliCJ 7/3W NOElV8lN33NO3 Y7nQ 9VIIINI = 03 3 
(011 IlVWHOJ SlN3W3H3NI NCl XNTI 3 
Akl3A3 031NIl4d SI MBIlnlQS 3Hl 5!3V1~ 1NINd V = XNII 3 
(01 I I lVW8OJ 3 
031n33X3 38 01 Sd31S 3WII JO li38HflN = Sd31SN 3 
tO'BIIlbVW8Od 3HOd 37VH N1 ShN3H93S 90 83flWnN = N 3 
'/'OI 'OZJb tS1 6315 3WIl 3Hlr 'XZ8 
'/'Ol'OZJ'tSI d31S 33NVlS10 3HlobXZL 
'/'/ o'OTmOZJbtSI hOllV8lN33N03 N098V3 3Hlo4XZ9 
'/'ow3 r'OlmOZJbrSI H13N31 3&0d ~HII'XZS 
'/'oNIw/z~*w~ I'OK'OZJ'B SI A~IAIS~JJ~~ HIPXZ+ 
'/'1WvH3/33 B'OI '029' 0 SI 3WnlOA 3806 3Hlr 'XZE 
'/'OK*OZJE 
'rSI HlnOW 380d 1V NOIlVkllN33NU3 SS37NOISN3WIQ 3H.loZ 
CXZC/6033/SWvlJ3 12 
'OK'OZJ't SI NOIlVkllN33N03 YInB 3Hlr'XZ'/'OlII 
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32~H(81'9)3118W 
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/NOQ8V3*0dX*VCI8l '€-(I )r3**4+(213-1 = 3lV8 
3nNILN03 L1 
011~3 = [UKI 
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NIUIkl1 l1V3 
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3nNIlN03 21 
( 1X~WllHSO30+(IXeWllHNISO*(W.l IHNtllO- = (Y13 
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3flNIlN03 S 
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4 (I )SYO*(Z**HO)*YQ+( ZIr~HCIl+YQ*'Z)- = t I IV 
NN'Z=I 5 00 
3nNI IN03 f 
( (1 )H8a*OdX*YO-'I)1 
/( t (I )H*f IIHIJO-(I lIJ)*OdX*UO+4 I IH) = (1 IIH 
P (Z*4( (I )H*OlY+'l)fdt(8)I*OdX*( 1)91)/(1 )3*- = (I IHHa 
(Z*a(QY+0dX*(I)3))1 
/((tI)H*OT~+'l)/(IfH~6Y-IIS)88Y = (I13da 
~8Y+0dX*(I)3)/((tIlH~OI)1+'T)/(I)Hs6U-l1SI9 = (1)a 
NN'I-I f 110 
QO/IZ*~lXl*YQ*dIHlS*HO*~113-f 113*Ha = (I 18 
Sd31SN41=ff 82 00 
YO*AdX+W3+HCl = (1 )V 
na = miw 
MQ*AdX*W3- = tI)nV 
YO9'1 = (N)lV 
YO = (wnv 3flNliN03 0 
YO = (I~lV 
no = tI1flV 
dN6Z=l 8 UO SS 
"I = (113 
'0 = (1)H 
3ftN11NU3 OS 
tI-IIY13 = (IIN19 
'0 = (1I)OH 
I-Z+N = IIY 
NO1 = H 05 OQ 
I+N = NN 
100000'*N08YV3 = W3 
"0 = w3awv 
'0 = HI1 
(/ r33/W3 '3N03rZ 
'X9'rNIW-7/3W 32Wtir6XX' rW3/W3 '33V'IWWrT 
'Xf'rW9/M3 'W3kI'1WVrbX6'rN1~ 3WIlr'X9a//11VH~OJ 1% 
tIZ'91iI11~M 
I-XIUII = III 
t rNIW/l r 601'023' r = INVlSN03 31VY 3NIddl8lS r 'XZZ 
'/'Ol'OZdr, I 0IY r'01'023' r = 6UrLXZI 
~/~QI*OZ=I~~ = t3X r 'OI*OZJ6 I = 1 IS r 'XZ6 
C A L L  T R I D I R  
DO 7 I = l , t J N  
H L I l  = H l I I )  
G ( 1 )  = G l ( 1 )  
7 C O N T I N U E  
R A T E  = ( - G I (  3 )+4.*G1(2 1-3.4G14 1 )  ) *DA*XPO*CAKBUN/ 
1 1 2 m * D H * ( X L * * 2 J )  
AMREM = AMREM+RATE*OK* ( X L * * 2 ) /  ( D A * C A R B O N )  
AMKEC = [ H ( l I + H ( N N ) ) / Z ,  
DO 11 I = 2 r N  
AMREC = AMREC+H( 1 )  
11 C O N T I N U E  
AMREC = AMREC/N 
T I M  = T I H + D K * ( X L * * ~ I / I I A  
CN = G ( l ) * C D  
I I T  = I I T 4 1  
I F (  I I T * N E . I I N X ) G O  T O  20  
W R I T E  ( 6 , 1 5 0 )  T I M ,  AMREM,AMREC*KATE&N 
I I T  = 0 
20  CONT1NUE 
R E A D ( 5 , l I  N S T E P S  
I F ( N S T E P S m E Q . O I G 0  TO 14 
K E A D ( S r Z 1  DK 
GO T O  55 
14 STOP 
END 
3. Packed Bed Reactor 
N  = NUMBER O F  SEGMENTS I N  P A C K E D  BED F O R M A T ( I 1 O I  
N S T E P S  = NUMBER OF T I M E  S T E P S  T O  BE E X E C U T E D  
FORMAT4 110) 
I N D E X  = A P R I N T  FLAG, THE S O L U T I O N  I S  P R I N T E D  
EVERY I N D E X  DK INCREMENTS FORMAT (I 10)  
6 0  = I N F L U E N T  C O N C E N T R A T I O N  MG/L  FORMAT ( 2 0 0  10)  
DA = A X I A L  D I S P E R S I O N  C O E F F I C I E N T  C M * * 2 / M I N  
F O R M A T 1 2 0 - 1 0 )  
X L  = B E D  L E N G T H  CM F O R M A T ( 2 0 . 1 0 J  
F O R M A T 4 2 0 . 1 0 )  
AREA = PACKEO B E D  C R O S S - S E C T I O N A L  A R E A  CM**2 
XPORO = P O R O S I T Y  F O R M A T ( 2 0 , l O )  
VOLUME FORMAT ( 2 0 -  10 1 
CARBON = GRAMS O F  CARBON I N  ONE C U B I C  CM O F  HED 
'O1°OZJ' rSI NOIlVHPN33N03 N08HV3 3HlodXZ'/' ~sW3 B'+ 
OIOOZd'~ 51 H19N37 Q3g ~HII'XZ~/'BNIW/Z**WS~'O~"O~~€ 
'B SI IN313134303 NOIS83dSIQ 7VIXV 3HPseXZ'/'Z 
~33/SldVH3 8 'QBaOZda r SI NO11V8lN33N03 HlflB 3Hlb'XZT 
'/'OII'r SI Q38 NI SlNIOd JO kI38WnN 3Hkr4XZIlVWHOJ 01 
YO'Hal 
~A'MO~J'Q~HV'O~Q~X'PIO~'~~V~~~X~VO~O~'N Q0I69)31I8M 
(OdOdX+V3NV)/M07J = A 
Z-dN = TN 
l+N = dN 
N/'I = Ha 
T0000Oo0*Q3 = 03 
33/SH9 01 183H WOVJ 03lH3ANO9 SI 03 3 
3nNILNO3 66 
(I)f'X~TSTCSlClV311 
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